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COMPARATIVE ANALYSIS OF ESTIMATION METHODS
OF THE PHYSIOLOGICAL SIGNALS VARIABILITY

Introduction. In the modern world, more attention is paid to the study of the behavior of
complexly organized medical and biological systems. The fundamental concept of synergetics
is the generalized entropy, which quantitatively characterizes the degree of the system chaot-
icness. Of special interest are studies of changes in the dynamic series chaotic parameters
generated by various biological systems.

The purpose of the article is further development and experimental research of methods
for analyzing the variability of physiological signals under external influences on the body.

Methods. Two alternative approaches of estimating the variability of dynamic series are
investigated: based on the calculation of the sample variance relative changes and entropy
estimates (in a sliding window with the specified parameters) in relation to the first window.
The theoretical and experimental dependences between the Shannon entropy and the stan-
dard deviation for a normal distribution of a random variable that generates a dynamic
series are studied. Comparison of these estimates with real and model data is carried out.

Results. To increase the sensitivity of entropy estimates to the variability of the dynamic
series, it is proposed to move from a series of discrete entropy h(l) values at the [ -th point,

calculated by the sliding window method, to its phase portrait on the plane h(l), h(l), where

h(l) is the estimate of the first derivative h(l). For an integral assessment of the chaotic

nature of physiological signals, it is suggested to estimate the area of the convex hull of the
entropy phase portrait and the coordinates of the phase portrait gravity center X, Y . Ex-
perimental studies have confirmed the diagnostic value of these parameters in the assessment
of variability of the electrocardiograms and rhythmograms indices with external influences

© K.B. ORIKHOVSKA, L.S. FAINZILBERG, 2017
ISSN 2519-2205 (Online), ISSN 0454-9910 (Print). Ku6. u Bbru. Texs. 2017. Ne 3 (189) 5



K.B. Orikhovska, L.S. Fainzilberg

on the body (intravenous therapy, surgery and physical activity).

Conclusions. Deviations of the integral parameters of the entropy phase portrait under
the effect of external influences on the organism were detected, which open new possibilities
in the evaluation of the cardiac activity regulation in preventive and clinical medicine. These
integral parameters require further study to confirm their statistical significance in represen-
tative samples of observations.

Keywords: variability of physiological signals, entropy estimates, diagnostic criteria.

INTRODUCTION

In the modern world more attention is paid to the behavior of complexly
organized medical and biological systems [1]. For this purpose synergetic
methods are used, aimed at studying the general laws of processes in nonlinear
dynamical systems and the research of the relationship between ordered and
chaotic structures [2].

The fundamental concept of synergetics is the generalized entropy, which
quantitatively characterizes the degree of system chaoticness. In cardiology,
entropic indices are actively studied to assess the heart rhythm chaoticness. For
example, in [3-5], the relationship between entropy and traditional heart rate
parameters was studied. It was found that in healthy people the RR-intervals
entropy correlates reliably with all the main indicators of heart rate variability
(HRV).

Interesting results were obtained by analyzing the relationship between the
traditional HRV parameters and the sample entropy under isometric and
dynamic loads [6]. Studies have shown that in healthy volunteers the traditional
HRYV parameters react equally to both types of load, while the sample entropy
significantly changed only under isometric load. This indicates that the
vegetative control of cardiovascular reactions to isometric and dynamic loads is
different. It allows us to change the traditional view on the interaction between
the branches of the autonomic nervous system.

Changes in the chaoticness of the different dynamic series parameters,
which carry additional diagnostic value, for example, in the thythmogram [7, §]
or the electroencephalogram [9], are of particular interest.

There are different approaches to solve such problems. The simplest way is
to estimate the entropy calculated from successive sections of the dynamic series
(windows) and compare the estimates that are normalized by the first window.
Based on such studies, it was possible to detect gender differences in the time
variation of Shannon entropy of the conditionally healthy men and women
electrocardiograms (ECG) in response to stressful effects [10].

In the process of research, another curious fact was established, which, in
the author's opinion [10], is worth a special study. It has been found that the
most stable parameter, reflecting statistically significant changes in the signal
over time, is precisely entropy, and not dispersion.

According to [11], important information about the properties of the system
carries not only by the entropy itself, but also by the nature changes over time. In
[12], a number of interesting results on the entropy method usage were obtained
for a comprehensive assessment of the risk factors dynamics for cardiovascular
diseases.

Since mathematical methods for estimating the variability of dynamic series

6 ISSN 2519-2205 (Online), ISSN 0454-9910 (Print). Ku6. u Bbra. Texs. 2017. Ne 3 (189)
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are becoming increasingly popular in the solution of applied problems, it is
necessary to carry out additional studies and determine the conditions under
which the analysis of Shannon and other entropies will be more effective.

The purpose of the article is further development and experimental research
of methods for analyzing the variability of physiological signals under external
influences on the body.

TWO APPROACHES TO ESTIMATION OF DYNAMIC RANGE VARIABILITY

Let it be required to evaluate experimentally the variability of a values sequence
A=a,a,,..,a,, (1)

representing the realization of some random variable X with an unknown
distribution law p(X).

This can be done if we calculate the sample variance

»_ 1 <

| & ’
C =— a—-——>y a)’ 5 2
N_lil(l NZ Jj ®)

which estimates the square of the values X deviations relative to the estimation
of mathematical expectation M{X}.

The sample variance o” can be calculated as data is accumulated using the

recursion formula, and with a minor modification such an estimate will be
unbiased and consistent [13].

The second way of calculating the variability of the sequence (1) is based on
the use of the statistical analogue of the well-known Shannon entropy expression

H=-) p,log,p,, 3)

J=1

where p, is the frequency of entry values g,, i=1,...,N into the intervals
— - + ] —

A =la;,a;], j=L..,n.
For a given n boundary a;,a; of these intervals, including those with

alternating variables a,, are determined by the relations

max a, —minag,

a(/’.zminal#r ~(j-D, j=1,..,n, 4)

maxa, —mina, .

a(/*. =mina, + Jj, j=L..n. (5)

n

The greater the value H , the further the system is from the ordered state.
The maximum value Shannon's entropy reaches when all states of the system are
equally possible. It follows that the entropy (3) takes values on the interval
[0, log, n ]. For convenience, instead of (3), the normalized entropy is often used

ISSN 2519-2205 (Online), ISSN 0454-9910 (Print). Ku6. u Bbru. Texs. 2017. Ne 3 (189) 7
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> p;log, p,

= <[0,1]. (6)
log, n

norm

It is easy to show [14] that the value (3) is invariant under permutations of
the series elements (1). Therefore, the Shannon entropy (3) itself, as well as
dispersion (2), characterizes only the properties of the random variable X that
generates the sequence (1), and not the variability of the sequence itself.
Therefore, it is possible to estimate the variability of a dynamic series only by
calculating (2) or (3) on individual sections of the processed sequence (1).

This can be done if you scan the observed time series with a sequence of
windows, in each of which calculate the relative increment of entropy

_Z by log Py 7

H="—"100%, [=1,...M, )
1

where p, is the frequency of occurrence of the time series values, observed on

the /-th fragment, the j-th interval A= [a;.,a;.] , j=1,..,n,and

Hy ==Y p,logp, (8)

J=1
is an entropy calculated in the first window, provided that H, #0 .

There are other entropy estimates of the dynamic series chaoticness, a
comparative analysis of which is presented in [14]. For example, it is possible to
calculate in each /-th window a modernized permutation entropy PE , which is
based on estimating the frequency of five characteristic patterns appearance
(Fig. 1).

Patterns classes are uniquely determined by the values a,, i=2,...,N -1 of
the sequence (1) as follows:

class m,, if (¢, —a, ) >h A (a,-a,,)>h,

class m,, if (a,_,—a,)>h A (a,,—a,)>h,

i+1

class m,, if (¢, —a, ,)>h v(a,, —a,)>hv (a,,—a,,)>h,

i+1 i+l
class m,,if (¢, ,—a,)>h v(a, —a,,)>hv(a_, —a,)>h,
class my, if none of the above relations holds, in which 4 is a given

threshold of insensitivity to local changes in the signal.

AN A N —

] Uz Tty Uy Ts

Fig. 1. Five classes of modernized permutation entropy patterns
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Then the permutation entropy in the /-th window is calculated by the
formula

S
_zp(nﬂ)logp(nﬂ)
PE, =—=

! PE

1

100%, I=1, ..M | ©)

in which p(n;) is the frequency of the pattern ; appearance in the /-th
window, and

PE, ==Y p(n;)log p(n;,) (10)

=

is a permutation entropy calculated in the first window, provided that PE, #0.

Similarly, one can get an idea of the dynamic series variability if one
evaluates the variances (2) on successive signal windows of length K|;:

1 & &Y
Z ail_izail
2 Ko -1 i=1 Ko i=1 o
o, = > -100%, 1=1,....M ,
G,

(11)

where a, are the discrete values observed in the /-th window, and

Ko

2
1 | &
612 = % _IZ(‘ZH _?Zanj (12)

0 i=1 0 i=1

is a variance estimation of the values a, observed in the first window under the

assumption that o # 0.

Note that the procedures (7), (9) and (11) can be implemented when the
[ +1-th window is shifted by the /+1-th ratio to the K, window width or when
windows are shifted by one point (sliding window mode). It is clear that in the
latter case the amount of necessary calculations will be greater, but the graph of
changes in the calculated values will look smoother.

It is known [15] that for fixed distributions of the random variable X
generating the series (1), the entropy is related to the standard deviation (SD) o
by certain dependence. For example, if a quantity X has a continuous normal
distribution, then [16]

+00 +00 1 Xz
H=- X)lo X)dX =— X)| lo ———loge |dX =
:[Op()gp() Lp( )[ E e oo g}

loge
26°

+00 +o0 1
=—log(\2n0) ™" | p(X)dx + [ p(X)X?dxX =logov2n +loge =
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=logov2mne =0.5log, 2ne +log, G. (13)

It follows that for a continuous normal distribution the relationship between
H and o is

H=205+log,o. (14)

For experimental verification of this relationship, model experiments were
carried out.

MODEL EXPERIMENTS

The experiments were carried out by processing the generated test sequences of
independent normally distributed quantities a;, i=1,...,N with zero mean and

6=0.1 for different values of the number of points N . Following the
recommendations of [17], to determine the boundaries (4), (5) of the intervals

A, =[a;,a;], j=1,..,n the value was taken n=12.

Model experiments have shown that under N >200 the graphs of the
theoretical and experimental dependences have almost the same form (Fig. 2).

The nonlinear character of the dependences (14) leads us to the important
conclusion. With a normal distribution of the random variable X that generates
the sequence (1), even minor changes in the SD in the region of small values
lead to large changes in the Shannon entropy, whereas a change of the same
percentage in the region of large values practically does not lead to any changes
in H.

It is easy to verify that the boundary of these regions determines the value of
the SD

c,~1.443, (15)

satisfying the condition 0H /0o =1.

To illustrate, let us consider the results of estimating the chaoticity of two
model signals, which are a sequence of independent normally distributed
quantities with zero mean and different values of the SD at the first and second
halves of the observations (Fig. 3).

H 1 H
) /’—/—-—-—‘
/..-—"""‘_-_- , /

00 05 10 15 20 25 (o)

Fig. 2. Graphs of the entropy H dependences on the SD & under normal distribution:
is the theoretical dependence (14); is the experimental dependence ( N =400 points)
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a; Fragment 1 . § Fragment 2
0.2
!
| | 1 ) ) 1
o] I | 1 Ll
| i
~0.2H B
0.4l -
o ' 200 : 100 - 660 : i
a
a, _________ Fragment 1 Fragment 2

o - 300 * 100 : 600 : i

=

Fig. 3. Model signals with low (a) and high (b) values of SD

The first signal (Fig. 3, a) consists of two fragments of N =400 points each
with the parameters o, =0.1 and o,, =0.13, respectively, and the second
signal (Fig. 3, b) consists of two fragments of points N =400 with the
parameters o, =2.70 and o,, =3.51, respectively. Thus, on the second halves
of both signals, the same increase in SD is observed in comparison with the first
half, equal to 30 %. But in this case the values of the SD on the first signal
belong to the region o <o, and on the second signal — to the region 6 >g,
where o, is the threshold value determined by the relation (15).

Table 1 presents the results of calculating the Shannon entropy on fragments
of these series.

Table 1. Results of modeling

Test signal SD, un. | SD increase Entropy, Entropy
un. increase
. . 0.1
Time series 1 30 % 1.90 20 %
0.13 2.29
2.7 4.93
Time series 2 351 30 % 5.05 2%

Thus, with the same increment in the SD (30 %), the increment of the
Shannon entropy on the second signal was lower than the first signal.
Let's make a comparative analysis of the estimating results of the dynamic

ISSN 2519-2205 (Online), ISSN 0454-9910 (Print). Ku6. u Bbru. Texs. 2017. Ne 3 (189) 11
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series variability using sliding windows. The model signal was a sequence of
M =10 fragments, each consisting of K =50 dots and generated by an
autoregressive model of the form

ay=Ma,_, +(1-2)&_,, k=1..K;, [=1,...M, (16)

where A, (0<A,<1) is the parameter that determines the variability of the

signal on the /-th fragment, a, =0.1 is the initial value, &e N(0,6°) is a
sequence of independent normally distributed random numbers with zero
mathematical expectation and variance ¢” =3.

Thus, the entire signal contained N =500 points. The parameter values on
the A,,A,,...,A,, fragments of one of the test signals are presented in Table 2
and the graph of this signal is shown in Fig. 4.

Table 2. The values of the parameters X, on the test signal fragments

7\,1 0.93 0.86 0.75 0.1 0.2 0.3 0.6 0.7 0.8 0.9

The results of estimating the variability of the test signal using procedures
(7) and (11) with sliding windows are shown in Fig. 5.

]Ii

L MAH.MH“MM“MM‘ uhl..H,&ll M
bl IWMII.M

1 101 201 301 401 i

Fig. 4. The test signal of the 10 fragments with different parameters A,
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- ™, P27
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Fig. 5. Dynamics of changes in the SD and Shannon entropy H during the processing of
the test signal

It is easy to see that both parameters had similar trends — an increase in SD
was accompanied by an increase in entropy, and vice versa. But in the region
G >, , the sensitivity of the entropy to the variability of the signal is almost 2

times less than the sensitivity of the SD, which agrees with the results of the
study of the theoretical relationship between these values.

PHASE PORTRAIT OF SLIDING ENTROPY

To increase the sensitivity of entropy assessment to the variability of the
dynamic series, it is proposed to move from a series of discrete values A(/)
calculated by the sliding window method to a phase portrait of entropy on the
plane A(/), h(l), where h(l) is the estimation of the first derivative A(/) at the
[ -th point.

Despite the fact that the procedure of numerical differentiation of noisy data

refers to incorrectly posed mathematical problems, the application of special
filtration and regularization procedures [18] allowed us to obtain acceptable

estimates of the derivative A(l). As a result, it is possible to construct graphic

images of the entropy phase portrait as points on the plane A(/), A(/).

For illustration, Fig. 6 shows examples of phase portraits of Shannon and
permutation entropies, which are constructed from the same dynamic series of
parameter 3, values (symmetry of the 7 -wave in the process of recording the
electrocardiogram), which are used as an additional diagnostic sign of coronary
heart disease in the method of phasegraphy [19].
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Fig. 6. Phase portraits of the Shannon (a) and permutation (b) entropy of the parameter

BT on the real ECG
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Fig. 7. The phase portrait of the sliding entropy (left) and its convex hull (right)

For an integral estimate of the physiological signals chaoticity, we construct
in the normalized coordinates /(/), h(/) the convex hull of the entropy phase

portrait and determine the area S of the resulting polygon, as well as the
coordinates X', Y of the phase portrait center of gravity (Fig. 7).

PRACTICAL RESULTS

A serious manifestation of cardiovascular disease is sudden cardiac death, when
a patient dies almost instantaneously (from a few seconds to an hour) after the
onset of a heart attack. One of the predictors of sudden cardiac death, which has
recently gained wide popularity in clinical studies, is based on an analysis of the
so-called electrical heart alternation [20], which refers to the regular alternation
of the electrocardiogram elements characteristics.

The complexity of constructing computer algorithms for automatic detection
of the alternation effect is due to the fact that real signals with the presence and
absence of an electrical alternation are externally virtually indistinguishable
(Fig. 8) [19].
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Fig. 8. ECG with a random distortion (top) and 7-wave alternation (bottom)

At the same time, the proposed method for estimating the randomness of the
time sequence on the basis of calculating the area of the convex hull of the
entropy phase portrait makes it possible to reliably solve this problem. To test
the effectiveness of this method, test signals with different values of the T-wave
amplitudes alternation levels were generated against a background of 15 %
random distortions. Test signals were generated on the basis of the generative
model of artificial realistic forms ECG generation [21].

Despite the fact that visually these signals were practically indis-
tinguishable, the area of the convex hull of the permutation entropy phase
portrait (EPP) decreased monotonically as the alternation of the T-wave
increased, i.e. increasing proportion of the regular component of amplitude
variation (Table 3). At the alternation level of 60 mcV, the area decreased by
more than 30 % (from 0.89 units to 0.62 units) compared to the signal without
alternation.

The proposed approach has also found practical application in assessing
subtle changes in the signal during the intravenous therapy. The research was
conducted in 2016 in the State Scientific Institution "Scientific and Practical
Center for Preventive and Clinical Medicine" State Administration (SSI "SPC
PCM" SA). The urgency of this task is due to the fact that many medications,
including those used in cardiological practice, often have side effects (from 30 to
70 %) [22].

Table 4 shows the results of ECG treatment during the intravenous drip
infusion of Tivomax, Armadin and T-triomax to a patient R. at the age of 72
years old with pronounced bigeminy, which manifested itself in the regular
alternation of normal and extrasystolic heart cycles. ECG was recorded every 5
minutes during the introduction of medications. Each ECG was recorded for 150
seconds with a total duration of 2 hours.

As can be seen from the table, by the time of 12:03 (35 minutes after the
start of the medication administration) the heart rate returned to normal, there
was a sharp decrease (by 92 %) of the SDNN parameter, the traditional index of
heart rate variability. At this point in time, the area S,, of the permutation

entropy phase portrait of the RR-intervals has decreased by 44 % from the initial
value.

It should be noted that after the normalization of the rhythm during the
further administration of medications, the parameter SDNN remained
practically unchanged, while the area S,, continued to decrease smoothly
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Table 3. Areas of EPP convex hulls with a 7-wave alternation

T-wave amplitude alternation level, mcV

0 15 30 60
| dummD | D | g |
0. o, — o L1 0.7:
] o I ENA [ ..
0.2 / 02 / 02 / 0.21 < O
. AR N . ~ M

§=0.89 un. §=0.76 un. S§'=0.64 un. §=0.62un.

(Fig. 9). Since, as already noted, the Shannon entropy (unlike the
SD)characterizes not the magnitude of the spread, but the variety of the
processed sequence, such a gradual change in the parameter S,, after restoration

of the heart rhythm, that carries information on subtle changes in the heart
rhythm, may have additional diagnostic value, which requires further study.

It is also clear that monitoring the ECG during the drip administration of
drugs allows you to control the absence of undesirable changes in parameters
caused by individual drug intolerance.

To illustrate such possibilities, Table 5 shows the dynamics of changes in
the ECG parameters of patient 1. 76 years old in the process of drip
administration of Panangin and Mexicor medications. During the entire period of
administration, the median ECG cycle in the time domain and in the phase plane
remained practically unchanged, and the values of the T -wave symmetry
parameter were within the physiological norm: , =0.653+0.014 units. Stable

was the area of the EPP convex hull parameter B,: S;; =0.743£0.016 units,

which gave the reason for the doctors to continue treatment without changing the
dosage of the medications.

%
N
SRR
-20
—
60 I Rhythm normalization I
e \ SDNN
-100
1 2 3 4 5 6 7 8

Fig. 9. Dynamics of changes in the integral heart rate
parameters in the process of drip administration
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Table 4. Dynamics of ECG parameters during patient R. dropper

Rec?rdlng ECG fragment RR-intervals EPP Sk, un. SDNN,
time ms
11:35 ) 0.995 | sis

A
11:47 ) l\ \l} 083 | 510
i /
N
12:03 1 : // 0.751 | 27
NS
o ~—
, N
12:12 ) < ) |o6s2| 30
0. //
12:32 I\ ' /) 0.644 | 22
005 N1
12:37 MR 0.619 | 33
\ 1
A
. =
12:47 ST oser | 27
021 /
= N
13:02 ) / 0.555 | 41
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Table 5. ECG parameters dynamics for drip administration of potassium medications
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=l 04 \ /
L D-Iz ”-I" “-IS ”-Ig 70‘64 70‘62 UI U,Ulz ? ﬂ—EIJJJB 017 039 061 08 108
B, =0.65 un. A, =044 mV Syr = 0.764 un.

0,6 0.8 9

o T 02
02 ; o1 |
25 -ygx;\j‘,/L 2

D:7 / \
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A

o

min | oz 2 R B g
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0,4 e | —/
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¢ o2 (3'471 e 08 -0,04 0,02 0 002 0,04 005 017 033 061 08 105
=U. un.
Br 4, =029mV Spr = 0.754 un.
05 1
' 0,5
! 04 N
03 | —T |
= 07 (
0,1
u L]
047
40 s \ \
min L | " 021 i
-0,3 ey et ’
: |
04 05 \.,/
—U.[I|E I]I D.D‘E' .-UDE 017 039 061 083 105
4, =028mV Spr = 0.744 un.

Interesting results were obtained in the study of subtle ECG changes by
estimating the area of the convex hull of the permutation entropy phase portrait
in patients whith coronary heart disease that underwent coronary artery bypass
surgery (CABG).

Since such an operation is most often performed in the open heart with the
use of an artificial circulation device, the ECG was recorded before and after
surgery (Table 6).

On the first day after the operation, the EPP [, parameter decreased by

5 %, and on the 7-th day after the operation its value reached S, =0.595, which

is 24 % lower than before surgery. The patient successfully passed the
rehabilitation period and was discharged a week after the operation.

Of particular interest is the study of subtle ECG changes directly in the
process of coronary stenting, which is more sparing surgical treatment for the
patient, which, unlike CABG, does not require cardiac arrest. The results of such
a study, obtained with the stenting of the anterior interventricular branch of the
right coronary artery to patient I. 50 years old with the diagnosis of
postinfarction cardiosclerosis, are presented in Table 7.
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Table 6. Dynamics of integral ECG parameters of a 55 years old patient before and after

CABG
Before CABG 1 day 6 day
125 125 125
058 __\ 0.8 039 \
07 07 07 —
. »
0.47 0.47 0.47
021 ~ 021 0.21 \
N
0,08 ~ 0.05 0.0 \/
005 017 033 061 08 105 005 017 033 061 083 105 005 017 039 061 083 1.05
Syr = 0.783 units Spr = 0.751 units Spr = 0.595 units

It can be seen from the table that the area of the Shannon entropy phase
portrait of the f, parameter increases during the whole procedure by 27 %, and

on the next day after the operation by 33 %. The symmetry of the T -wave also
increases during the entire operation, reaching 42 % when the blood flow of the
anterior interventricular branch of the right coronary artery is restored. On the
first day after stenting, the value of the symmetry index decreased to a
physiological norm of 3, =0.67 units.

Similar results were observed when examining ECG changes during the
installation of several stents (in the circumflex branch and in the anterior
interventricular branch of the coronary artery) to a 74 years old patient
diagnosed with stenosing coronary artery atherosclerosis (Table 8).

In this case, during the operation, the symmetry index of the 7 -wave was
practically unchanged and was within the limits of the physiological norm:
B, =0,64%+0,09 units. At the same time, the area of the phase portrait of the

permutation entropy increased throughout the procedure, reaching 45 % by the
end of the operation, and the control measurement for the following day showed
a decrease in 3, EPP by 35 %.

We also note that during the operation a gradual decrease in the integral
parameter ¥, (the center of gravity of the EPP along the y-axis) by the end of

the operation reached 20 % of the initial value. This indicates that in this patient
decreased average level entropy in the course of operations, which most likely
indicated a lower level of adaptive capacity of the organism than a younger
patient.

The detected fact made it possible to put forward the hypothesis that
important additional diagnostic information in assessing the reserve capabilities
of the cardiovascular system can provide an analysis of the ECG phase portrait
during exercise. We present the first results aimed at studying such possibilities.
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Table 7. Dynamics of changes in EPP parameter during stenting

Phase The convex hull of a 3, EPP Integral parameters
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Table 8. Dynamics of changes in EPP parameters during stenting
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Table 9 shows the results obtained when testing a conditionally healthy 55
years old volunteer on a treadmill. During testing, the speed of the tape reached
2.7 km/h, and the angle of inclination gradually increased to 10 %, which in the
second stage ensured the metabolic equivalent MET = 4.6. After that, the tested
person rested for 10 minutes.

In the process of increasing the load, the SDNN parameter decreased by
86 %, which agrees with the known data on the increase in the sympathetic part
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of the autonomic nervous system under load. Simultaneously with the decrease
in heart rate variability, the integral parameter S,, characterizing the area of the

convex hull of the permutation entropy phase portrait increased by 66 %. Recall
that, unlike SDNN , this parameter characterizes not the degree of dispersion,
but the variety of RR -intervals.

It is clear that load tests using treadmill and veloergometer can be used only
in medical conditions. Such tools are of little use for testing in the field, in
sports, in the workplace, etc. This requires not only portable ECG measurement
tools, but also simple methods that allow to obtain operational test results in a
convenient and understandable form.

In this regard, it is of interest to evaluate the possibilities of the proposed
approach when performing simplified methods for assessing the adaptive
capacity of a person under stress, in particular, the famous Martine-Kushelevsky
test. To perform such studies, it is sufficient to estimate the EPP parameters in
three states: before the stress, after performing 20 deep sit-ups in 30 seconds and
during restitution period after 3 min rest.

During the studies, ECG treatment was performed on 30 healthy volunteers
at the age of 20,6 1 year. For illustration, Table 10 shows the results obtained
with the testing of volunteer M. 20 years old.

As follows from the data given at the height of the load, the SDNN
parameter (SD of the RR -intervals) decreased by 18 %, while the S,, area
increased by 12 %. There were also characteristic changes in the integral
parameters X, and Y, : the EPP center of gravity shifted to the left by 24 % of

the initial value and rose by 34 %.
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Table 9. Dynamics of changes in integral parameters for a
treadmill test
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Table 10. Dynamics of EPP RR-intervals of a healthy volunteer M.

Before stress

Stress
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(
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SDNN =69 ms SDNN =54 ms SDNN =95 ms

A similar reaction to the load was demonstrated by 12 other volunteers. This
result shows once again that the SDNN and S,, parameters from different

perspectives characterize the variability of the heart rhythm: the first parameter
characterizes only the magnitude of the RR -intervals spread, and the second
parameter characterizes the variety of their values.

CONCLUSIONS

The article considers various approaches to the assessment of heart rate
variability and other parameters of a single-channel ECG under the effect of
external influences on the body (intravenous therapy, surgery and physical
activity). A comparative analysis of two approaches to the variability estimation
is carried out: based on the dispersion analysis and the Shannon entropy
calculated from successive sections of the same discrete signal.

To increase the Shannon entropy sensitivity to an estimation of a variety of
an investigated parameter in the course of its observation, it is proposed to
construct an entropy phase portrait calculated in a sliding window and to
estimate the area of its convex hull and the coordinates of the gravity center in
the phase plane.

Characteristic changes in these integral parameters are established when the
effect of electrical alternation of the heart is detected, as well as during physical
exertion (treadmill and Martine-Kushelevsky test), with drip administration of
medications and in operative treatment of cardiovascular pathologies (coronary
artery bypass surgery and stenting).

It can be assumed that the detected facts of changes in the values of the
proposed integral indicators of the entropy phase portrait, including the S,,

parameter, indicate the search for the most economical way of regulating cardiac
activity. Of course, such a hypothesis requires further study and evaluation of
the statistical reliability of the observed differences in representative samples of
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observations, which can lay the basis for new diagnostic criteria in preventive
and clinical cardiology.
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CPABHUTEJIBHBI AHAJIN3 METOJOB OITEHKI
NU3MEHUYNBOCTHU ®U3NOJIOT'NMYECKUX CUT'HAJIOB

Bseoenue. B coBpeMeHHOM MHpe Bce Ooibllice BHUMAHUE YICISIETCS U3YyIEHHIO MOBEICHNUS
CII0)KHOOPIaHU30BAHHBIX CHCTEM, K KOTOPbIM B IIEPBYIO O4Yepellb OTHOCATCS MEIUKO-
ononornueckue cucteMbl. OyHIaMEHTaIbHOE MOHSATHE CHHEPTEeTHKU — 000O0IIEHHAs SHTPO-
IMs, KOTOpas KOJIMYECTBEHHO XapaKTepU3yeT CTENeHb XAOTHYHOCTH cHcTeMbl. OcoOblit
HMHTEPEC MPEACTABISIOT UCCIENOBaHUS U3MEHEHHN IOKa3aTelled XaOTUYHOCTH JUHAMHYEC-
KUX PSJIOB, IOPOXKIAEMBIX PA3IMYHBIMH OMOJIOTHYECKIMU CUCTEMaMH.

L]env cmamvu — ganpHENIIee pa3sBUTHE M IKCIEPUMEHTAIBHOE HCCIEIOBAaHUE MaTe-
MaTHYECKUX METOJIOB OLIEHKH H3MEHYUBOCTH (U3HOJIOIMYECKUX CHTHAJIOB IPH BHEIIHHX
BO3JICHCTBUAX HA OPTaHU3M.

Memoowi. ViccnenoBaHo JBa albTEPHATUBHBIX IOAXO0JA OLCHKU W3MEHYUBOCTH JUHA-
MHUYECKUX PAIOB: Ha OCHOBE BBHIUYUCICHUS OTHOCHTEIHLHBIX H3MEHEHUH BEIOOPOYHOM qHCIIEep-
CHM U SHTPONHUIHBIX OLEHOK (B CKOJIB3AIIEM OKHE C 3aJaHHBIMH IapameTpaMyu) IO OTHOILE-
HUIO K [IepBOMY (OIOpHOMY) OKHY. M3y4yeHa TeopeTndeckas M SKCIepHUMEHTalbHas 3aBUCH-
MOCTH MEKAY UIEHHOHOBCKOM JSHTPONHUEH M CpEeJIHEKBAaJPaTHUECKHM OTKJIOHEHHUEM IpU
HOPMAaJIBbHOM PAaCHpPEJEIICHUN CIydallHOW BEIWYUHBI, MOPOXKIAIOMEH TUHAMUYECKUHA pAL.
[IpoBeneHO cpaBHEHHUs YKa3aHHBIX OLIEHOK Ha PEAJIbHBIX U MOJIEJIBHBIX JaHHBIX.

Pezynomamei. J{nst OBBIIEHNs YyBCTBUTEIBHOCTH YHTPONMHWHBIX OLEHOK K M3MEH-
YMBOCTH AMHAMHUYECKOTO psifia MpeJularaercs MepeiT oT psja AUCKPETHBIX 3HAYEHUH JHT-

pormu A(l) B [ -it TOuKe, BHIYMCIIEHHOI METOZIOM CKONB3AIIEr0 OKHa, K e (a30BOMY TOpPT-

pery Ha tutockoctu /(1),h(l), tne h(l) — oueHka nepBoit npousBoguoi /(!). s unTerpa-
JIbHOM OIICHKH XaO0TUYHOCTH (PM3HOJIOTMMECKUX CHTHAJIOB MPEJIOKEHO OICHUTH IUIOIIAIb
BBIITYKJIOH 000JI049KH (pa30BOr0 MOPTpETa SHTPONUU M KOOPAWHATHI LIEHTpa TshkecTH X ,Y
(bazoBoro moprpera. JKCIEPUMEHTAIBHBIE UCCICIOBAHUS MOATBEPIHIN AUATHOCTUIECKYIO
IICHHOCTh YKa3aHHBIX MOKa3aTesiel Npu OLlEHKE U3MEHUYUBOCTH I1aPaMETPOB 3JIEKTPOKAPANO-
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DISCRETE-TIME STEADY-STATE CONTROL OF INTERCONNECTED $YS-
TEMS BASED ON PSEUDOINVERSION CONGEPT

Introduction. The problem of controlling interconnected systems subjected to arbitrary un-
measurable disturbances remains actual up to now. It is important problem from both theo-
retical and practical points of view. During the last decades, the internal model control prin-
ciple becomes popular among other methods dealing with an improvement of the control
system. A perspective modification of the internal model control principle is the so-called
model inverse approach. Unfortunately, the inverse model approach is quite unacceptable if
the systems to be controlled are square but singular or if they are nonsquare. It turned out
that the so-called pseudoinverse (generalized inverse) model approach can be exploited to
cope with the noninevitability of singular square and also nonsquare system.

The purpose of the paper is to generalize the results obtained by the authors in their
last works which are related to the asymptotic properties of the pseudoinverse model-based
method for designing an efficient steady-state control of interconnected systems with uncer-
tainties and arbitrary bounded disturbances and also to present some new results.

Results. In this paper, the main effort is focused on analyzing the asymptotic properties
of the closed-loop systems containing the pseudoinverse model-based controllers. In the
framework of the pseudoinversion concept, new theoretical results related to the asymptotic
behavior of these systems are obtained. Namely, in the case of nonsingular gain matrices
with known elements, the upper bounds on the ultimate norms of output and control input
vectors are found. Next, in the case of nonsquare gain matrices whose elements are also
known, the asymptotic behavior of the feedback control systems designed on the basis of
pseudoinverse approach are studied. Further, the sufficient conditions guaranteeing the
boundedness of the output and control input signals for the linear and certain class of
nonlinear interconnected systems in the presence of uncertainties are derived.
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Conclusion. It has been established that the pseudoinverse model-based concept can be
used as a unified concept to deal with the steady-state regulation of the linear interconnected
discrete-time systems and of some classes of nonlinear interconnected systems with possible
uncertainties in the presence of arbitrary unmeasured but bounded disturbances.

Keywords: discrete time, feedback, pseudoinversion, interconnected systems, optimality,
stability, uncertainty.

INTRODUCTION

The problem of controlling interconnected systems subjected to arbitrary un-
measurable disturbances stated several decades ago in the work [1] remains ac-
tual up to now [2, 3]. It is important problem from both theoretical and practical
points of view [4, 5]. During the last decades, the internal model control princi-
ple becomes popular among other methods dealing with an improvement of the
control system. Based on this method, interconnected control problem was first
approached in [6]. A perspective modification of the internal model control prin-
ciple is the so-called model inverse approach. The perfect output control per-
formance is an important interconnected control problem closely related to in-
verse systems. Since the pioneering work [7], the problem of inversion of linear
time-invariant interconnected systems has attracted an attention of several re-
searches. See [8—11]. Recently, a significant progress in this research area has
been achieved in [2, 3, 12]. Most of these works except [3, 12] dealt with con-
tinuous-time interconnected systems.

An inverse model approach to ensuring perfect steady-state regulation in
linear discrete-time interconnected systems was first advanced in [13] and inde-
pendently in [14]. Similar discrete-time counterpart of interconnected process
control systems containing the table inverse model was proposed in [15]. The
steady-state control of linear interconnected system discussed in [11] in the
framework of the problem of minimal inversion, has also been studied in the
paper [16] dealing with nonlinear discrete-time interconnected control systems.
Unfortunately, the inverse model approach is quite unacceptable if the systems
to be controlled are square but singular or if they are nonsquare. Several re-
searches whose works are cited in [17] observed that the inverse model-based
controller may be also not admissible for designing some process control sys-
tems which contain ill-conditioned plants since they may become (almost) non-
invertible in the presence of an uncertainty.

It turned out that the so-called pseudoinverse (generalized inverse) model
approach first proposed in the paper [10] can be exploited to cope with the non-
inevitability of nonsquare system. Recently, this approach was extended in
[18-20] for controlling a wide class of discrete-time interconnected systems.

The purpose of the paper is to generalize the results obtained by the au-
thors in their last works which are related to the asymptotic properties of the
pseudoinverse model-based method for designing an efficient steady-state con-
trol of interconnected systems with uncertainties and arbitrary bounded distur-
bances and also to present some new results.
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THE DESCRIPTION OF CONTROL SYSTEM AND PROBLEM STATEMENT

Basic assumptions. Suppose the plant to be regulated is a nonlinear intercon-
nected time-invariant system whose static characteristic is

Y= o(u) (1

where  y=[y",....y"™]" denotes the m-dimensional output vector,
u=[u®,..,u”] denotes the r-dimensional input (control) vector, and

¢o(-): R” — R" represents some nonlinear vector-valued function given by

o) =[¢" W),....0" )] )

Consider a class of systems in which the number of inputs is not more than
the number of outputs:

r<m.

The following assumption with respect to the nonlinearity @(z) will be re-
quired.

Assumption 1. The components ¢ (u),...,0" (1) of ¢(u) in (2) are all
the continuously differentiable functions of the variables u,.u”.

In order to implement the discrete-time control, the signals

yO(0),..., "™ (¢) given in the continuous time ¢ need to be sampled with a

sampling period 7, to yield the sequences {y"’(nT,)}, whereas the control
signals are of zero-order sampled-hold type, i.c.,

u(i)(t):u(i)(nTO) for nTy <t<(m+DI,, i=1,...,7.

Assumption 2. As in [14] and [16], suppose that the sampling period 7, is
large enough so that the transient stage caused by stepwise changes of inputs
u(?),...,u"” (¢) at each (n—1)th time instant ¢ = (n—1)7, may practically be
completed during the time interval [(n—1)T}, nT}). In view of (1), this narra-

tive description of the discrete-time steady-state control gives that the steady
state of this interconnected system can be mathematically modeled by the first-
order nonlinear difference equation

yn = (P(un—l) (3)

similar to that in [16], if any disturbances are absent. In this equation, the nota-
tions y, = y(nT,) and u, =u(nl}) are introduced (for the simplicity of expo-
sition).

In practical applications, the outputs " (¢),..., y"(¢) are usually influ-
enced by certain classes of persistent external disturbances d (¢),...,d "™ (¢),
respectively. Then, instead of (3), another equation
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yn = (p(un—l) + dn—l (4)

with the disturbance vector d, =[d",...,d"™]" as a steady-state model of

system will be further considered. Now, the following assumption about {d,} is
introduced.
Assumption 3. The components of d, are upper bounded in modulus by an

g forall n=12,..., ie,
|d" |<e, <o (i=1,...,m). (5)

Let y =[y",..., y""7 (»"” =const) be some vector defining the de-

sired output vector (a given set-point). The following assumption with respect to
this vector is made.

Assumption 4. y" is not the m-dimensional zero-vector 0, :=[0,...,0]",

ie., || y*|# 0 implying that
|y [+ ™ 0. (6)

Regulation strategy using pseudoinverse model-based control ap-
proach. Let

UV pOn
B, = :
(ml) (mr)
A

be a fixed m x r matrix chosen further by the designer to deal with some linear
model of (1). Define the so-called pseudoinverse (generalized inverse) »xm

matrix B] = (B) specified as
+ _ 12 T 2 -1 pT
B, _ISEE(BOBO—FS 1) B,, 7
where /,, denotes the identity N x N matrix. (Note that the limit (7) exist for
any B,eR™ [21].)

According to [19], [20] the control law utilizing the pseudoinverse model-
based control strategy to regulate y, around y° is given by

u,=u,  +Bje (8)

n n—1 0%n>

where e, represents the output error vector at nth time instant ¢ = n1; specified

as
enzy*_yn’ (9)
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The equations (8), (9) describe the some linear interconnected controller of
the integral action. Namely, to implement the control law (8), one needs the
discrete integrator whose output is

u, :ZAuk, (10)
k=1
where
Au, = Bje,. (11)

Due to (11) together with (10), this controller plays the role of an I-type in-
terconnected discrete-time controller with a matrix gain B, (Fig. 1).

Regulation problems. To formulate the goals of the regulation, we before
need the following definition.

Definition 1 [22]. The closed-loop control system containing the plant de-
scribed by (4) and the feedback (8), (9) is said to be BIBS (bounded-input

bounded-state) stable if there exist some nonnegative numbers C,, C,, C, such
that

limsup|| v, ||<C, sup|u, |l +C,sup|d, . (12)

limsup|ju, [[<C,sup|| y, [[+C;sup|d, |

n—o n=0 n=0 (13)

are satisfied.
Now, introduce the performance index

J:=limsup||e, | (14)

evaluating the asymptotic behavior of the control system (4), (8), (9). Then, one
of the following control objectives may be stated [22].

I'Controller i1 Plant i
1

Generalized Inverse Discrete

Integrator

________________________________________________________

Fig. 1. Configuration of the regulation system (4), (9), (10), (11)
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e The optimization: it is required to minimize J defined by (14) in the sense
that

limsup]| e, || = inf (15)

=00 nt

must be achieved.
¢ Quasi-optimization: it is necessary to minimize an upper bound of J given
in the inequality

limsup||e, | < J. (16)

n—>0

o Stability (robust stability): the closed-loop system (4), (8), (9) must be
stable (in the sense of Definition 1) by suitable choice of B, .

LINEAR CASE

Regulation without parameter uncertainty. In the linear case, @(u) in (1) is
defined as @(u) = Bu, where B=(b"") represents some numerical m x r

matrix with the elements b7 whose rank satisfies 1 < rank B < r. In this case,
the equation (4) becomes

yn = Bun—l + dn—]‘ (17)

Let » =m and rank B =r. Clearly, it implies that B is non-singular. Then

the inverse matrix B™' exists and B* = B~'. Assume that there is no parameter
uncertainty, i.e., B is known a priori. We can derive immediately the inverse-
model based control law

un =un—] +B_len’ (18)

followed from (8) after setting B, = B.

It turns out the control law above guarantees the optimality of the closed-
loop system (17), (18), (9) (in the sense of (15)). This fact is established in the
theorem below.

Theorem 1 [22]. Let the plant to be regulated be described by (17). Sup-
pose B is the known non-singular square matrix (det B #0). Then, the control-
ler (18), (9) when applied to (17) achieves the regulation objective (15). Fur-
thermore, subject to Assumptions 4, it yields

limsupl|u, | < B || y" | +]| B~ || sup || d, ||< oo,

n—0 0<n<oo

J<sup|d,—d, |[<o

0<n<w

(19)

Sor any initial || u, || < .
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Corollary. Under the conditions of Theorem 1, in the terms of the Euclid-

ean norm || -||,, the asymptotic properties of the controller (18), (9) are given
by
limsup||u, [, <||B7 [, [| v"[l, +| B |, &,
n—>00
. 20
limsup|e, ||, <2¢ (20)
n—>»0

1/2

00 P12 and g =& +...+82]"%,

with [| y" [L,=[y™ ™ [P +...+ |y
Proof. Immediate from (19) together with (5) and from the definition of y*
taking into account the definitions of the Euclidean vector and matrix norms
[23].0
Let B be a known nonsquare matrix (7 < m). In this case, instead of (18),

u,=u, +Be, (21)

is chosen as the control law. The equation (21) together with (9) describes the
pseudoinverse model-based controller.

The following result can be shown to be valid.

Theorem 2 [20]. The controller (21), (9) applied to (17) leads to a stable
closed-loop system (in the sense of Definition 1). Moreover, subject to Assump-
tion 4, it gives that quasi-optimality property of the form (16) is ensured with the

minimal J such that
limsup|lu, —u® |, <[ 1, =B B, [lug —u® |, +|| B" ||, e< oo,
‘ n—»0 ) . (22)
limsup|le, [, <[| 1, =BB" |, (| v ||, +&) +2e< 0.

n—0

Remark 1. Note that if »=m and det B #0 yielding B" = B, then the

inequalities (22) finally leads to (20), respectively.
Regulation in the presence of parameter uncertainty. Consider the

steady-state model of the plant given in the form (17) with an arbitrary nonzero
matrix B = (). Assume that b'”’s are unknown but the bounds, b7, bV

min > ~'max

of the intervals

b <p® <p® (=1, myj=1,...,7) (23)

to which they belong are known. Additionally, let
0< b < oo, (24)

min ~ max

Denote by = the set of possible Bs whose elements, p satisfy
b e [, b 1. This means that

min > ~'max
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E={BD): bD <hD <pD  i=1 .. m, j=1,..,r} (25)

Further, choose a matrix B, from the set = provided det B, =0 if this set

contains at least one singular matrix B. Thus,

b < <BD (i=1,..m; j=1,...,7)

max

has to be met.
The sufficient condition guaranteeing the boundedness of {y,} and {u,} is

established in the following theorem.

Theorem 3. Consider the feedback system (17), (8), (9). Let the require-
ments (23), (24) hold and the requirements on the choice of B, above mentioned
be met. Assume that the equilibrium state of the feedback system (17), (8), (9)

defined by the pair (u°, y°) which is the solution of the equation
B{Bu‘ =By

together with y° = Bu® exists. Introduce the matrix A = B, — B. If the condi-

tion
g<l1 (26)

with
q=, max [ BAl (27)

is satisfied, then the closed-loop control system containing the plant (17) and the
pseudoinverse model-based controller

u, =u, , +By(y -, (28)

will be the robust BIBS stable. Moreover, subject to Assumption 3, this control-
ler makes it possible to achieve

limsup||u, —u®|l, <(U=q)" | 1, =By By |, | g —u* |, +e 1=¢) " || By ||, <0,
." X L (29)
limsup|le, [l, <|[ 1, —B,By |, [ll € II, +2e]+2e (1-¢)~ < 0.

n—0

m

Proof. Due to space limitation, details are omitted. o
By virtue of (12), (13), the condition (26) together with the expression (27)

guarantee the boundedness of {y,} and {u,} as n — oo (according to (29)).
Note that this condition can simply be verified by setting
g =max, , .z |l B,Al|, and by using the linear programming technique
(]| P, denotes here the 1-norm of arbitrary matrix P; the definition of || P/,
can be found in [23]).
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A numerical example and simulation. To illustrate the robust stability
properties derived from Theorem 3, a numerical example was considered setting

r=m=2 and EZ ={":04<p" <14, -12<b" <05, 0.8 <28,
—-2.7<bh* <—-0.7} Such set was chosen to ensure the singularity of some Bs
belonging to =. In this example,

0.9 -0.85
B, =
1.8 —1.70
was put. Such a choice of B, gives B, € 2 and det B, = 0. Using the formula

(D,

+

0

72/613  144/613
-68/613 —-136/613

was found. By exploiting the linear programming technique, it was established
that g =max,, , .z || ByAl,=0,572<1. Thus, requirement (26) together
with (27) will be satisfied.

Next, taking 5"" =0.878, b"? =—-0.864, bV =1.082, »b** =—-1.096

under which B = (b"") will satisfy B € Z, a simulation experiment with the

closed-loop control system described by (17), (8), (9) was conducted. In this
M

n

experiment, d'", d” were simulated as the pseudo-random variables within

[-0.07,0.07]. The components of " were chosen as follows:

0.8 if 50 <n<100.

« _[04 if0<n<50, o _ [0.6 if 0<n<50,
102 if50<n<100

Results of the simulation experiment are depicted in Figs. 2 and 3.

030 035 040
I

T T T T T T
0 20 40 60 80 100

Fig. 2. The norm of control input vector
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0.8
|

0.6
I

0.4

T T T T T T
0 20 40 60 80 100

Fig. 3. The norms of output vector (solid line) and of set-point vector (dashed line)

We observe that system behavior is successful while B and B, are different.

REGULATION OF UNKNOWN NONLINEAR SYSTEM

Case 1. Now, consider the nonlinear interconnected system described by (4).
Recalling Assumption 1 and denoting 57 (u) = 09" (1)/0u'”, introduce the
matrix

Bw) ... ")

B(u) = : (30)
B w) ... b (u)

which represents the m x 7 Jacobian matrix whose elements 5’ (1) play a role

of some “dynamical” gains from the jth input, u"/ ) to the ith output, y(i) for

each fixed u € R". Next, the following two additional assumptions regarding
the nonlinearity ¢(u) will be required.

Assumption 5. b’ (u)s in (30) do not change its sign and remain uni-

formly bounded for all # from R” according to (24) and to
b <bPw)<p? . (i=1,...,m;j=1,..,7). (31)

max 2

—

Assumption 6. In case 1 to be studied, = represents the set of matrices
having the full rank: rank B=r.
Under these assumptions we first choose a B, € Z and design again the

pseudoinverse model-based controller of the form (28). The asymptotic proper-
ties of this controller are formulated in the theorem below.

Theorem 4 [19]. Consider the feedback control system described by (4),
(28). Let the equilibrium state defined by

Byow)=Byy, y =0*)
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exist. Suppose that Assumptions 1 and 3 to 6 are valid. Then this system will be
robust BIBS stable for any nonlinearity ©(u) satisfying (31) together with (24)
if the requirement (26) in which

”

g = max max_ z
<

I<k<r  seps 539145

m

Zﬁgkj)a(ji)

J=1

, (32)

where 8 = p¥ -, 8 =bD b\ is met. Furthermore,

min max

limsupl|u, |, <(1-¢)" || B |, max{e,, ..., €,}

will take place, where || x ||, denotes the o -norm of a vector x.

As in the linear case before studied, the condition (26) but with ¢ given by
(32) can be verified via the linear programming tool.
Case 2. In this case, instead of Assumptions 1, 5 and 6, another assumption

with respect to ¢@(u) is introduced.
Assumption 7. The nonlinearity (1) can be represented as the sum

o(u) = Bu + g(u), (33)

in which B = (b'”) is a numerical m x r matrix and g(u) is a nonlinear vec-
tor-valued function satisfying

sup || g(u)[[<C <o

ueR”

(34)

with some C.
Due to the expression (33) given in Assumption 7, the system equation be-
comes

yn :Bun—l+g(uiz—l)+dn—l' (35)

As in the linear case with unknown B, it is assumed that B € =, where =

is given by (25). Similarity to this case, we choose B, € = so that det B, =0 if

r=m and there is at least a singular matrix BeE Next, the pseudoinverse
model-based controller of the form (28) is designed to regulate the plant (35).

The following theorem establishes stability results of the closed-loop system
(35), (28).

Theorem 5. Under the conditions of Theorem 3 added by Assumption 7, the
closed-loop system containing the controller (28) and the plant (35) will be ro-
bust BIBS stable.

Proof. Proceeds along the lines of the proof of Theorem 3 after replacing

Sup0£n<oo ” dn ” <o by Sup0§n<oo ” dn ” +C<®' o

Remark 2. In contrast with [19], it is not required that ¢ (), ..., " (1)
in (2) to be smooth functions of u.
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Remark 3. Note that g(#) may not be the Lipchitz function, i.e.,
&) —g@) | <Lfju'—u"|| Vu',u"eR" (0<L <o)

is not necessary. However, due to (34) it has to be bounded as || u ||— oo.

Comment. Contrary to the case 1, the set = may contain singular Bs and it
is essential.

CONCLUSION

In this paper, the main effort has been focused on analyzing the asymptotic
properties of the closed-loop systems containing the pseudoinverse model-based
controllers. We have established that the pseudoinverse model-based concept
can be used as a unified concept to deal with the steady-state regulation of the
linear interconnected discrete-time systems and of some classes of nonlinear
interconnected systems with possible uncertainties in the presence of arbitrary
unmeasured but bounded disturbances. In the framework of this concept, new
theoretical results related to the asymptotic behavior of these systems have been
presented.
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ABTOMATHYHE BH3HAYEHHA PIBHA FAYCOBOIO WYMY HA
MOPOBUX 306PAXEHHAX METOJOM BURINEHNX OBNACTEM

Po3pobneno memoo agmomamuynozo GU3HAUEHHs PIGHA WYMY HA YUPPOBUX 300PAICEHHAX, a
came cepeoHbo20 KEAOPAMUUHO20 GIOXUNCHHS 2aYCc08020 wymy. Pigenv wiymy obuucioemocs
34 cepeoHiM K8aOpAMUYHUM BIOXUNEHHAM 2icmozpamu 0 8UOiIeHOT obnacmi 300padicents,
Ha AKII HAAGHUU, 8 OCHOBHOMY, wiyM. 3anponoHo8aHuii mMemoo NpocpamHo peanizo8aHo 8
cucmemi MATLAB. Obpobaennss mecmosux 300padicelib 3 BUKOPUCAHHAM 3aNPONOHOBAHO20
Memoody 0ano 3mMo2y ompumamuy MeHuLy HOXUOKY OOYUCTIeHHs DIGHS WYMY HIJIC THUUMU CY-
YACHUMU MEMOOAMU.

Knruosi cnosa: yuppose 0b6pobuenns 300pasicetvb, SUSHAUCHHS. PIBHSL ULYMY, CEPEOHE K8AO-
pamuune GIOXUNEHHS 2AYCOBO20 WYMY, 2iCMOSPAMA 300PAdICEHHS.

BCTYR

Ha excniepumenTanbHuX nU(GPOBUX 300paKeHHAX Yy OUIBIIOCTI BUMAAKIB € LIyM,
KU BUHHUKA€ HE TIJIBKU MPH OTPUMAaHHI 300paKeHb 3 CEHCOPIB, ane i mpH ix
CTHCHEHHI 3 BTpatamMu. PiBeHb IIyMy € Ba)XIMBUM MapaMeTPOM JUIsl TOUTHPEHUX
MPUKIAHUX 33134 [UPPOBOTO OOpOOJEHHS 300pakKeHb: BHJAICHHS MIyMY,
CerMeHTalii, po3mi3HaBaHHs Tomo. bararo cydacHux aaroputmiB Hu(ppoBOro
00po0JIeHHS 300paXkeHb MepeadavaroTh, 10 MapaMeTPH IIIyMy BiIOMi, IPH LbO-
My e(pEeKTHBHICTh TAKUX AJITOPUTMIB 3aJICKUTh BiJ] TOUHOCTI BU3HAYEHHS PIBHS
urymy. Ilpore nmpu oOpoGiieHHI eKciepuMeHTaIbHUX 300pakeHb PIBEHb LIYMY B
OUTBIIOCTI BUIIAAKIB HEBIIOMUH, TOMY pO3pOOJIEHHS METOAY TOYHOTO 1 aBTOMa-
TUYHOTO BU3HAYCHHS PiBHS IIyMY Ha 300paKEHHSX € aKTyaJbHUM Ta BaXKJINBUM
IS IPAKTHKH 3aBJIAHHSM.

Haii6inpim mommpeHoo MOASIUTIO IIyMy € afuTUBHUN OLTHH TayCOBHH IIyM
(Additive White Gaussian Noise — AWGN), ockiibku 0arato mymiB peabHHUX
300pakeHb JIOCUTh TOYHO ONHCYI0Thest Moetro AWGN [1, 2]. 3 1i€i npuduau B
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Asmomamuune UIHAUEHHS PIBHS 2AYCOBO20 WLYMY HA YUPDPOBUX 300PANCEHHIX

po0oTi OyeMO po3risiaaTi criocoOM BU3HAYECHHS PIBHS IIYMY Ha 300paKeHHAX B
Moaerni AWGN, a takuii mym gaini OyJeMo CIpOIICHO Ha3UBAaTH rayCOBUM IIy-
MOM (200 HOpMaJILHUM IIyMOM). ['aycoBuil mryM oco011Bo moMiTHHIA Ha 300pa-
JKCHHSX, OTPUMaHMX IPH HU3BbKIH OCBITICHOCTI. PiBeHb raycoBoro mymy (Noise
Level) Bupaxaerscs cepennim kBagpatuaHuM BinxuneHHsM (CKB) mymy oy .

BukopHrcTOBYIOTH JEKiIbKa OCHOBHUX METO/IB OLIHIOBAaHHS PiBHS LIyMy Ha
300paKEHHSAX:

1. Meroj aHaii3y TricTorpaMm po3noJiTy iHTEHCHBHOCTI (SICKPaBOCTI) JUTs BH-
nineHoi o0nacTi 300pakeHHA, Ha SKid B OCHOBHOMY HasiBHHH IIyM. 1Ipu nmpomy
BUIEHa 00JIaCTh Ha3MBAETHCS TaKoXK obnactio iHTepecy (Region Of Interest —
ROI) [3]. Pieenp raycoBoro 1ymy BusHadaeThbes yepe3 CKB ricrorpamu o0acTi
ROL. IlepeBaroro mMeTomy € HOro MpoOCTOTa, MPOTE BHCOKA TOYHICTH OOUMCIICHHS
piBHA HIyMy 3a0e3Me4yeThes TUIBKU TOJ1, KOJIM Y BUALIEHIH 06acTi 300paskeHHs
CKB mrymy 31auno nepesuinye CKB xopucHoro curxaiy.

2. 3acHoBani Ha ¢ineTpamii Mmetoau (filter-based approaches or smoothing-
based methods) [4-5], B sikux 300pakeHHs 3 IIyMOM OOPOOIAETHCS BUCOKOYACTO-
THUMH Ta HU3bKOYACTOTHUMH (inbTpamu. PiBeHb yMy 0OUYHCITIOETHCS HA OCHOBI
¢inpTpoBaHOTrO 300pakeHHs. ['00BHA mpoOiieMa IIMX METOIB B TOMY, IO pe-
3ynbTaT GiAbTpaLii 3aJeXUTh HE TUIBKU BijI IIyMy, ajie i BiJ KOPHCHOTO CUTHAITY,
0cO0MBO 17151 300pakeHb 3 YITKUMH KOHTYPaMH i SICKPaBO BUPAKCHUMH TEKCTY-
pamu [6].

3. Kyckori abo OmoxoBi metomu (patch-based approaches or block-based
methods) [7], B Ikux Ha 300paXEHHSAX BUIUISETHCS MHOXKHHA OJTHOPITHIX OJIOKIB
(obrnacreit). B Mexxax ONOKIB 3MiHa SICKpaBOCTI 300payKeHHSI CHPHYMHIOETHCS B
OCHOBHOMY IITYMOM, a PiBE€Hb IIyMy OOUYHCIIOETHCS, HAMPHUKIIA], 32 METOJIOM TO-
JIOBHHX KOMIIOHEHT (principal component analysis — PCA). Hemonikom 610K0-
BUX METOZIB € 3aJIeKHICTh 00YHMCICHOTO PiBHS LIyMY BiJ KOPUCHOTO CUTHAITY.

4. Cratuctruni MeTonu (statistical approaches) [7], 3acHoBaHi Ha ¢inTbTpaii
300pakeHb 1 aHami3i 3HaYeHHS €KCLECy Ul PO3NOALTY iIHTEHCUBHOCTI 300paxeH-
HS1 3QJISKHO BiJl piBHA HIyMy. TOYHICTH METO/IIB 3HAYHO 3aJICKUTh BiJl YACTOTHOTO
CIIEKTPY KOHKPETHOTO 300pasKeHHSI.

5. Meroau, 3acHoBaHi Ha aHaii3i Dyp’e CHEKTPIB, SKi BPaXOBYIOTh Pi3HHUIIIO
MDK CHEKTPaMH KOPUCHOTO cUrHany i urymy [3]. TouHicTs Takux METOIIB 3HAYHO
3HUKY€ETBCS IIPU 00pOOIIeHH] 300pakeHb, A1 IKUX CIIEKTPH KOPUCHOTO CUTHAMTY i
rymy moJioHi.

6. MeTonu, 3aCHOBaHI Ha BUKOPUCTaHHI BeHBIETHUX mepeTBopeHs (Wavelet
transform) [5], ski mepenbadaroTh aHaNi3 BEWBIETHUX KOEQIII€HTIB i3 TEBHUM
moporoM. OJHi€l0 3 MPOOJEM TaKUX METOIB € ONTUMAJbHUKA BUOIp 3HAUCHHS
HOpOTY.

Po3rmsnyTi MeTou BU3HAUEHHS PIBHA IIYMY MOXYTb 3aCTOCOBYBATHUCS SIK JIO
BChOTO 300pa)keHHsI, TaK 1 J10 Horo BuaiaeHoi oosacti ROI, Ha sikili € B OCHOBHO-
My myM. Y BHUIQJKY aHamizy TuUtbku obnacti ROI, mopiBHSIHO 3 aHaIi30M BChOTO
300paKeHHs, TOUYHICTh OOYMCIICHHS PiBHS LTyMY 301IbLIYEThCS B KibKa pasiB [4].
Oco0IMBO TIEPCIIEKTUBHUME € aBTOMATHYHI MeToau BuiiieHHs obmacteir ROL.
KoskeH 3 mepepaxoBaHUX METOIB MA€ TMIEBHI OOMEXCHHS 1 HEIOJIKH, 110 CTUMY-
JIFOE PO3pPOOJICHHS] HOBUX METO/IB OLIHIOBAHHSI PiBHS LIyMY Ha 300paKeHHSIX.
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NOCTAHOBKA 3ANAYI

TeopeTnyHe 3HA4YEHHS PiBHSI TayCOBOTO IIIyMY BiJIOME TiJIbKH JUIS TECTOBHX 30-
OpakeHb, IIIyM Ha SIKUX CTBOPEHO MPOTpPaMHO. BBakaeThcs, 110 piBeHb MIyMY €
OJTHAKOBUM I BCHOTO 300paskeHHs. OCKUTBKM KOPEKTHE BUIUICHHS 00nacTi
ROI € nepenyMoBo0 TOYHOTO OOUYMCIICHHS PIBHS IIYMy Ha 300pa)ke€HHi, TOMY
3ajaya poOOTH Iepeadadae po3poOKy aBTOMATHYHOTO i TOYHOTO METOAY BHIIi-
nenHs obnacti ROIL B ocnoBy merony Buminenus obmacti ROI motpibno mo-
KJIACTH HU3bKOYACTOTHY (inbTpauito 300paxkeHHs 3 siapoMm ¢insrpa Iayca,
OCKLUJIbKH B PE3yJIbTaTi Takoi QuIbTpaIii iHTEHCUBHICTh TayCOBOTO IIYMY 3MEH-
IIYEThCSl OLNbIIe, HiX IHTCHCHBHICTH KOPHCHOTO CHTHANy. BupineHi obmacri
MOBHHHI MICTUTH B OCHOBHOMY ILIyM, ToMy ajsi oouncinenns CKB mymy o g
JIOIUTHHO BUKOPUCTATH METO/] aHATI3y TiCTOrpaM JJIsi PO3MOALTY iHTCHCHBHOCTI B
obnactsix ROI, sikuii B TaKOMY BHIIQJIKY 3a0€31eUy€e BUCOKY TOYHICTh OOUMCICHHS
PiBHS IIyMy TP BITHOCHIM MPOCTOTI Horo mporpamuoi peanizanii. Takum anHOM,
IUIs TIOYaTKOBOTO 300paxeHHA f, NoTpiOHO Buainuth obiacte ROI, Ha sxii
MPUCYTHI B OCHOBHOMY IIYM, JUIsl Iii€i oOyiacTi oOYMCIUTH TicTorpamy /(z)
PO3MOAITY SICKPAaBOCTI z 300pa’KeHHS, a B SIKOCTI OLIHKH €KCIIEPUMEHTAIBLHOTO
piBus wymMy o g Bukopuctata CKB o, ricrorpamu 4(z).

Meta — po3po0IieHHS METO/Iy aBTOMAaTHYHOTO BU3HAUCHHS PiBHS I'ayCOBO-
ro myMmy Ha UU(QPOBUX 300paKEHHAX, SIKM BUKOPUCTOBYE BUAIJICHHS 00IaCTi
300pa’keHHA Ha OCHOBI HOro HHU3BKOYACTOTHOI (inbTpalii Ta BUKOHYE o0dmc-
JICHHSI PiBHS IIyMY METOJIOM aHali3y TiCTOrpaMy BHIUIEHOI 00JacTi, B porpa-
MHI# peamizaiii po3pobnenoro merony B cucreMi MATLAB ta B mepesipmi
HOro TOYHOCTI Ha MPUKJIaai 00poOsieHHs 6a3u TECTOBUX 300paKEHb.

MATEMATHYHA MOREMb ®IMbTPAUIT 306PAIKEHD 3 TAYCOBMM WYMOM

Teopernune 3HauenHss CKB raycoBoro 1mymy, sike € 0JJHAKOBHM JJISl BCiX TiKce-
JIiB OYaTKOBOT'O 300paXXeHHs f,, , MO3HAYNMO © y . B pe3ynbraTi HU3bKOYaCTOT-

Hoi inbTpanii 300paxeHHs f, 3 sapoM ¢inbTpa ['ayca oTpuMyeThCs 3riamxeHe
300pakeHHd g, Ul Beix mikceniB sikoro CKB mrymy nopiBHIOE 6 ¢ . 3HaI0un
CKB o©,, Ta po3mipu sapa ¢inerpa I'ayca, MOKIMBO BCTAHOBUTH 3B’A30K MDK
napaMeTpaMy IayCoBOro IIyMY G yc Ta G 1 Ha OCHOBI TaKOrO 3B’S3KY BUILUIU-
TH 0071aCTi 300paXKeHHS f,, , Ha IKUX [IEPEBAXKAE TayCOBUI IIyM.

I'yctuHa po3noniay HMOBIPHOCTI ISl Ta&yCOBOTO IIYMY OMHCYEThCS POpMy-
noto [1]

—(Z—ZC)2

20%\,

exp

1
ppr(2) = ; (D
N2To N

1e z — IHTEHCHUBHICTb 300paKeHHs, z- — MaTeMaTUYHE CHOIIBaHHS PO3MOIi-
ay, oy — CKB mymy, sike y Bunaaky AWGN e piBaem mymy. Ksagpar CKB
LIyMY Ha3UBa€ThCS AUCIepciero Dy = cjzv .

InTeHCcHUBHICTH (SICKpaBiCTh) 300pakeHHs 3 LIyMOM (Y BiITiHKax ciporo) 3a-
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IUCYETBCA B NMPAMOKYTHY Matpumo f, =(f,(i,k)), ne i=1..,.M, k=1..,N,
M — BucoTa 300paxkeHHs (B mikcensx), N — mupuHa 300pakeHHs [3]. [aren-
CHUBHICTb 300paX€HHS f,, HOpMYy€eThcs B Aiana3oHi Bix 0 1o 1.

[IpoctopoBa dinerpamnis [1] nonsrae y sroprui 306paxenns f, = (f, (i,k))
3 sapoM (BikHOM) dinbTpa w=(w(m,n)) po3mipoMm M, x N, €eJIEMEHTIB 3a
dhopMmyIoro

Mw Nw
ge(ihy= 3, X fuli-m+me.k—n+m:)-wim.n), )

m=1 n=1
ne g.=(g.(i,k)) — dinpTpoBane 300paxkeHHs (TaKOro * po3Mipy, o i f,);
i=L..M, k=1,.,N; M,=2-M,,+1 — Bucora saapa QinpTpa;
N, =2-N,,+1 — mupuna sapa ¢instpa; M,,, N,, — LI YaCTUHU Bif
MOJIOBHHU PO3MipiB sinpa ¢ineTpa, m, = (M, +1) — neHtp supa ¢ineTpa 3a

BUCOTOI0; 1, = (N, +1) — HeHTp sAapa GinbTpa 3a MIUPHHOIO.

CymMma eneMeHTIB siipa w aopiBHIOE 1. Omepartist 3ropTku 300paxkeHHs f), 3

SIIPOM W CIIPOIICHO 3aITUCYETHCS Y BUTIISI
ge=Jn*w. 3)
SAnpo pineTpa w onucyeThes ABOBUMIipHOIO GyHKIiero [ayca

~((m=-my)* +(n—n,)*)

2G§V

w(m,n) = exp

1
b 4
. @)

ne o, — CKB posnoniny l'ayca; m=1,.,M,,, n=1,.,N,; m, 1a n, — KO-

OpJIMHATH IICHTPY A1pa QiIbTpa 32 BUCOTOIO 1 NIMPHHOIO BiJIIOBIIHO.
Sxmo Ha 300paxkeHH] f, mpucyTHii Titbku raycoBuil mym 3 CKB o, TO

3HAUEHHS KOXKHOTO MIKCeNs f, (ij,k;) MOXHa pO3INIAAaTH SK BUIIAJKOBY BEJH-

apny 3 gucnepcielo Dy = 6% . JlucIepciio raycoBoro myMy s JOBLIBHOTO
mikcenst 300paxeHHst g.(i,k), OTpPUMAaHOTO B pe3yNbTaTi 3TOPTKU f, 3 AAPOM
w (po3mipom M, x N, eneMeHTiB) 3a Gopmynoro (2), 004uciIumMo Sk Aucrep-
cito Dyc cepeqHboro apupmMeTuaHoro M, x N,, OIHAKOBO PO3MOIIJICHUX B3a-
€MHO HE3aJIeXHUX BUMAJKOBUX BeIHYNH f), (i],k), HOMHOKEHHUX Ha BiIOBIIHI
eneMeHTH saapa w(m,n) . Tomy nucnepciss Dyc 300pakeHHS g. OOUHCIIIOETHCA
3a (OpMYII0I0

M, N, M, N,
Dyc =D(g.(i.)=D| 3 3 folip.ky) wim,n) |=Dy 3 Y w(mn), (5
m=1n=1 m=1n=1

ne Dy — mucrepcis KOXXHOI 3 BUIIQJIKOBUX  BEJIMYUH Snliy k),

Dy =D(f,,(i1,k)); iy =i—m+m,, ky =k—n+n..Y popmyni (5) BUKOpHUCTaH1
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TaKi BJACTUBOCTI AUCIIEPCIi: MOCTIHHMI MHOKHUK MOYKHA BUHECTH 3a 3HAK JIUC-
nepcii, MiAHICIIN WOro J0 KBajpaTy; IUCIEpCis CYyMH HE3aJIe)KHUX BEIHYUH
JOPIBHIOE CyMi AHCIIepCii CKIIamoBux [8].

CKB raycoBoro mymy o yc A4 300paxkeHHS g, o04MciIuMo uepe3 Horo
mucrepcito (5) 3a popmynoro

M, N, M,, N,,
ONC =m=wDN > wimn) =y > Y w(mn) . (6)
m=1n=1 m=1n=1

®opmyna (6) mokasye 3menuenns CKB raycoBoro mymy o yc B pe3yibTa-
Ti 3rOPTKH 300paxkeHHs f, 3 sapoM w dinbrpa ['ayca 3 CKB o, (Tabm. 1).
SIxio Bei Koe(illieHTH Aapa w OJHAKOBI 1 JOPiBHIOWOTH 1/(M,, x N,,), bopmy-
na (6) 3BOUTHCS IO KIIACHYHOTO BUTIISAY [8]:

1 CnN
OnNCc =OnN M,-N,- = . 7
N N T )

Otpumana ¢opmyna (6) nae 3mory obuncnutu CKB raycoBoro mymy o ye
Ha 300paxxeHHI micJist 3ropTky Ha ocHoBi CKB mymy o) Ha 300pakeHHi J10 3rop-
TkU. OTpUMaHa 3aJIeKHICTh G ¢ BiJl G BIpHA TUIBKH JUIS TUX 00aacTeil 300pa-
’KEHHs1, Ha SKUX NepeBakae raycoBHil ImIyM. ToMy 3alexXHICTh G ¢ Bil Gy BH-
KOpHCTaHa Jijis BUALIeHHs 00acti ROL

Tabnuys 1. 3nayennss CKB raycosoro mymy © pc Ha 300paieHHi g., OTpHMaHOMY

HIISIXOM 3ropTKH 300paxents [, (O =5%) 3 agpom dinstpa I'ayca 3 CKB o,

Gy, 1,00 1,25 1,50 1,75 2,00 5,00 7,00

OnC % 1,411 1,129 0,941 0,808 0,707 0,283 0,202

ANTOPMUTM BM3HAYEHHA PIBHA TAYCOBOTO WYMY HA 30bPAXEHHAX

IHTeHCUBHICTH TOYATKOBOTO 300paxeHHs f,, (puc. l1a) € CyMOIO IHTEHCUBHOCTI
KOPHCHOTO CUTHaTy fg 1raycoBoro mymy fy 3 TeopernunuM CKB o, . s
BU3HAYEHHS PiBHA IIyMy Ha 300paxeHH] f, MOTPiOHO MakCHMalbHO BHIAIUTH
KOPUCHHMH CUTHal fg 1 30€perTH TUIBKH LIyM fp U HOAAJIBLIOTO aHAi3y.

[Ipu BuAaneHHI KOPUCHOTO CUTHAIY BPaXxyeMO TOU (akT, 0 HOro YaCTOTH HU-
K4l 32 YaCTOTH TayCOBOTO LIyMy, TOMYy 300paxkeHHA g, (puc. 10), orpumane

NPYU HU3bKOYACTOTHIN (inbTpanii 300paxkeHHsl f,,, OMUCYE B OCHOBHOMY KOpH-
cHHMI curHan fg. DinpTpanis 300pakeHHs f,, BUKOHYETHCS LUIIXOM HOTO 3r0-

pTku 3 aapoM dinsrpa I'ayca 3 CKB o, 3a popmynoro (2), B pe3ysbTari 4oro
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OOUHCIIOEThCS 3IJIAKEHE 300pakeHHs g .. SIKINO BIAHATH 3IWIajKeHe 300pa-
’KEHHSl g, BIJ IMOYAaTKOBOTO f,, TO OTPUMAEMO 300paKEHHs LIyMOBOI CKJIaJ0-

BO1 f}, (puc. 1B), IHTEHCUBHICTB SIKOTO BU3HAYAETHCSI B OCHOBHOMY IIYMOM [y
Jn="In—Tec- ()

Ha 300pakeHHI ITyMOBOi CKJIaJ0BOi fj, KOHTYpaM i TEKCTypaM BiIHOBimae
JIOKaJIbHE 30UIBILICHHS aMILITYIu f}, , TOMY TaKi JIOKaJbHi 001acTi CIiJ BUKIIIO-

gty 13 obmacti ROI anst 3menmenns moxuOku npu obuucieHHi CKB mymy
o g - BusiBieHHs ob6nacTel KOHTYPIB 1 TEKCTYp nependadae mpocTopoBe ycepe-

IOHEHHS PiBHA LIyMYy Ha 300pa)KeHH1 f,, AJS 9OrO CIIOYaTKy OOYHCITIOETHCS
300paxkeHHsa f; (puc. Ir) K aOCONIOTHA BENUYUHA [}, @ TOTIM BUKOHYETHCS
3roprtka 300paxkeHHs f; 3 aapom ¢inbrpa ['ayca 3 CKB o, B pe3ynbraTi yoro

OTPUMYETHCSI ycepeqHEeHe 300pakeHHs piBHA myMy f,. (puc. 1n):
Jae =Ta*w. )]

YcepenHeHHS BUKOHYETBCSI caMe AJisl 300paxkeHHsT f,; (aOconroTHOI Benu-
YUHHU f}, ), OCKUJIbKM 300pakeHHs f;, 3HaKo3MiHHe. Ilikcenb 300paxeHHs f),

Hanexxuth 70 o0acti ROI Tiapku TOmi, SIKIO 3HAYEHHS BiAIOBIAHOIO MiKCES
f4c He mepeBuILye BcTaHoBieHud mnopir 7j, (puc. le). Hamexwnicte mikcemniB

300paxkeHHsa fj, 1o obmacti ROI 3anmcyerses B Matpulli fo; 1 BU3HaYaeThCS
3a TaKUM IIPaBHIIOM:

1, f4c (k)< T,

fROI(iak):{o’ Frh) ST, (10)

ne i=1.,M, k=1,..,N, T, — nopir obnacti ROI, f,. — ycepenuene 30-
OpaskeHHS PiBHS IIyMY.

Excnepumenransie 3HaueHHsa CKB mymy o g oOunciroerscs uepes CKB
o), s posnoniny I'ayca, sikuit onucye rictorpamy /(z) 300paxenns f,. Ilo-
JaTKOBE 3HAUEHHSA G OOUYUCIIOEThCA Ul BChOTO 300paxkeHHA [, (puc. 1B),
micis obuncienHs: oonacti ROI 3HaueHHs! G;, OOYMCIIOETHCA TiNBKH 3 Bpaxy-
BaHHIM THX HiKceniB [}, ki Hanexatb ROI (puc. le). nsg 300paxenus fro;
OOUHCIIOEThCS TAKOXK BIAHOCHA IUIoma App; MikceniB, Aki Hanexats ROI
(puc. le); 3HaueHHs App; HE MOKe OyTH MEHIIMM 33 MiHIMaJbHY AOIMYCTUMY
wiomy Apo; min - 1lOpir 7j,, SKUil BU3HAUa€ HAIEXKHICTD MIKCENS 300paKeHHs

1o ROI (10), obuncnroerscs 3a GopMynoro
Ty =z¢ +korn - O fige» (11)
e z¢ — MaTeMaTu4He CiomiBanHs f4.; © 7o — CKB fu.5 kg, — xoediui-

€HT TOPOTYy.
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Puc. 1. TIpuknan BU3HA4YEHHS PiBHA raycoBOro LIyMy Ha 300paxxeHHi, 1O
SKOTO IIPOrPaMHO JI0JaHO rayCoBHH IIyM 3 O, = 5% (114 iTepanii 7, = 1):
a) moyaTKoBe 300paxkeHHs f, (MapkepaMu BKa3aHi IOYATOK i KiHellb Ipo-
dimo — puc. 16); 6) npodini mouarkoBoro f, i 3rmamkeHoro g, 300pa-
XKeHb; B) IPODiIL 300paxkeHHs IyMOBOi ckiagosoi f,, o0, =0,0685 —
CKB 300paenss f, ; T) npodins 300paxenss f, ; 1) npodins ycepeate-
HOoro 3oOpaxenuss pisus wymy f,, I, =0,0685 — mnopir f, ,
Z. =0,0502 — maremaruuHe crofiBanus f, ; €) 306paxenHs obuacti ROI
(uopHi obnacTi He BifHOCAThCA 10 ROI), 0, =0, 0502 — CKB 300paxenHs
f, 3Bpaxysarusm ROL CKB siapa dinsrpa Fayca o, = 1,75
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MaremaTiyHe CIOJIBaHHS zo 300paXKeHHS fy., AK€ OTPUMYEThCA B pe-
3yJIBTaTi 3TOPTKU aOCOJIOTHOI BENIMYMHHU 300pa)KeHHS f;, 3 SAPOM w, o0dHC-

JFOEThCA K CepeHe apru(MeTHdHe BiAXHICHHS [9] s po3Moaily iHTCHCUBHO-
cTi 300paskeHHs f,. OCKiNbKU Ha 300pakeHHI [}, NepeBakae rayCOBHUH IIyM 3

CKB Gy, TO
2
zZc 2\/7611 20'7980/’!' (12)
T

3HaUCHHS G gy, 300paXCHHS fy, 00UHMCIIOETBCA 32 popMyIoio (6), B sKii

Hesigome 3HaueHHs CKB mymy o 3aMiHMMO Ha HOro HaOJIMKEHHS G,

M, N,
S fye =) Z sz(m,n) . (13)
m=l n=1
3HaueHHs KOe(iLlieHTy MOpPOTy ks7;, BHOMPAIOThCA TaK, MO0 I 300pa-
KEHHs f,. OUIbLIICTH 3HaYEHb I'ayCOBOTO LIyMy OyJIM MEHIIMMH 3a mopir T,
(11). 3a npaBwiom 30 npu kg, = 3 IPaKTHYHO BCi 3HAUYCHHS I'ayCOBOTO LIYMY
(> 99,7 %) [8] OynyTs MeHIINMH 3a OPIr T, .
CKB mymy o g (y Bigcotkax) npomnopuiiine 1o CKB o, Tomy B nepuio-
My HaOJIMKEeHH1

GNEZGh'loo. (14)

BusHaveHHs piBHS raycoBOro IIyMy Ha 300paKEHHIX METOJOM BHJIIICHUX
oOyacTell 3IIMCHIOETBCS 32 TAKHM aTOPUTMOM (pHc. 2). CroYaTKy 34HTY€EThCS
MOYaTKOBE 300pakeHHs f, 1 CTBOpIOEThCs siapo w ¢inetpa ['ayca 3 CKB o, .

Ha ocHoOBi f, oTpuMyeThCs 3riamkeHe 300paxeHHs g, 3a ¢popmynoro (2), 06-
YHCIIIOIOTHCS 300paskeHHS IIIyMOBOI CKJIa10Bo1 [}, 3a opmyioro (8) Ta ii Moy-
s f, . YcepeaHeHe 300paKeHHs PiBHA LIyMY f,;. OOYHMCIIOETHCS IUIIXOM 3T0-
PTKH 300paxkeHHss f,; 3 saapom ¢inetpa w (9). dns 300pakeHHs fj, oOuuciio-
etecst CKB o, #ioro ricrorpamu /(z). [lani B UK 3 JTYWIBHAKOM np 37iHcC-
HIOETBCS Tpouec yTouneHHs oOnacti ROI ta Bigmosignoro it CKB o, 300pa-
xeHHsl fj,. s xoxHoi itepauii oOumcmroerscst mopir 7j, (11), sikuif 3rigHO
dopmyn (12) 1 (13) 3anexuts Bin ;. Ha ocHOBI mopory i ycepeaHeHoro 3o-
OpaskeHHS piBHA IWIyMy f,. oO4HcIIoeThCs 300paxenHs obnacti ROI, ne dyHk-
uist v, omucyerscs hopmynoro (10). 3nauennss CKB o, obGuncmoeTses 3 Bpa-
XyBaHHSM TUIBKM THX HiKcemiB [, siki Hanmexkats ROL Slkmo 3MiHa o) s
iTepanii n7 BIAHOCHO MOIEPEAHBOTO 3HAYCHHS Gy (ny —1) HE MEPEBUILYE KOH-
CTaHTU Ay, (Hampukuan, Ay, = 0.004), To mpouec yTOUHEHHS G; 3aBepILy-

€TbCSA 1 PE3yJIbTATOM € OCTAHHE 3HAUCHHS G, = G, (7).
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ExcnepumenrtanbHe 3HaueHHs CKB mymy o,y oOumciioerbcs 3a
yrouneHuM CKB o, 1e pyHKLIsA y, onucyeTbes popmyioro (14).

B pe3ynbTati BU3HaYeHHs PiBHS raycoOBOrO LIYMY JUIS cepii TECTOBUX
300pakeHb 3 HU3HKOYACTOTHUM Ta BHCOKOYACTOTHHM KOPHUCHHUM CHTHA-
oM [10], o sSIKUX MoNepelIHbO MPOrPaMHO JI0AABABCSA rayCOBUHM LIYyM 3
CKB oy, oTpuMaHO MiHIMaJIbHY CEpPEHIO KBaJApaTUYHY MTOXUOKY 00uu-

cieHHs excriepuMmenTtaiabHoro CKB mymy o, (BIAHOCHO o)y ) 3a Takux

YMOB:
1. 3nauenns CKB s sinpa ¢instpa I'ayca o, = 1,75 six npu oOumc-

JICHHI 3TJIQJPKEHOT0 300paXeHHsl g, TaK W MpH 3ropTii 300pakeHHs f
(puc. 1). lng BubpaHoro 3Hau€HHs o,, Ha 300paX€HH1 f;, B OCHOBHOMY

MICTUTBCS IIIyMOBa CKJIaJI0Ba.
2. Iopir 7T;, obnacti ROI oGuucntoeTses 3a popmyioro (11) mis 3Ha-

4yeHHs1 Koe(iuieHTy mopory kg, = 1,22 1 CKB sagpa ¢inetpa T'ayca
c,, = 1,75, Tomy popmyna (11) 3 BpaxyBanusm ¢popmyna (12) 1 (13) 3Bo-
TUTHCS 10 BUTIISITY

T, =0.798 6, +1.22-0.162 5, = 0.995 G, . (15)

3. Excniepumentansie CKB mymy oz (y BiIcoTKax) 0OYHCIIOETHCA
3a CKB o, 3 BUKOpHcTaHHIM Moau(ikoBaHoi popmyiu (14):

o g = (6 -100)Fh (16)

ne kg = 1,018 — xoediieHT HETIHIMHOCTI G .

KoedoiuienT kg, BpaxoBye To#l ¢akt, mo npu BuOpanomy o,, (CKB
anpa ¢inpTpa ["ayca) Ha 300paXkeHHI f;, MICTUTbCSA HE BCS IIyMOBA CKJIa-
7I0Ba, a 1€ MIPU3BOIUTDH J10 3MEHIICHHS G .

3 ypaxyBaHHSM BHUILCHABEJCHUX YMOB 3a aJIFOPUTMOM (pHUC. 2) mpo-
BEJICHO BU3HAYEHHS PIBHS IayCOBOro IIyMy Ha 300pakeHH1 f, (puc. la),

B pE3yNbTaTi 4YOro OTPUMaHO yTOouHeHe 300paxeHHs oOinacti ROI, a Ta-
KOXX BIAMOBIAHI il 3HaUeHHS o), Ta oy (puc. 3, Tabmn. 2). Obuucnene

3HAYEHHS PIBHS IIYMY ©yp OJM3bKE JO TEOPETUYHOTO oy (pI3HHULA
ckianae 0,08 %).
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1

3unuTaTH
300pakeHHA f;

nr = YIT+1

CtBopuTH 51/p0 (PpinbTpa
w (o)

OB6YHCITHTH TOPIT
T (on)

dinpTpanisa
ge=futw

OOCYHCITHTH
ﬁaor =1 (ﬁic, Th)

ﬁ1 :ﬁz - Ze
a=ful

O6umcmTn CKB
oy, 306paxenu fi, (fror)

Dinbrparis

Jac = Ja*w
I

O6uncmut CKB
Gp, 300paKeHHS [,

Howmep iTepawii
nr= 0

lon(nr)-on(nr-1)| <Agp

OOYHCITHTH
onE = Y2 (Ops)

[
/ Busectu opg /

L

Puc. 2. Cxema anropuTMy BHU3HAUYCHHS PIBHS raycoBOTO LIyMy Ha
300pakeHHI METO/IOM BHIUICHUX 00J1acTeil.

Tabnuys 2. IlocaioBHiICTh BHU3HAYEHHS €KCIEPMMEHTAIBLHOIO DPiBHSI raycoBOro
mymy O nr Ha 300paxkenHi (puc. 1a) 3 o =5%; ny — nomep irepauii, 6, —

CKB 300pazkennst f},, Tj, — nopir o6aacti ROI; o g =4,92 %

ny 0 (ananisyetscst Bee 300paxenns [, ) 1 2 3
Gy 0,0685 0,0502 0,0486 0,0479
Th - 0,0682 0,0499 0,0483
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0.012 20+

0.01 401

0.008 60 -

r
0.006 80.

0.004
100

0.002

1204

20 40 60 80 100 120
k; Th=0.0483; A ROI=0.7397; nT=3

a) 0)

Puc. 3. Tpuxiaj BU3HAYCHHS CKCIEPHMEHTAIBHOIO PiBHS [ayCOBOrO LWIyMy O ,, Ha
300paxxenHi (puc. la) 3 0, =5% (ana ocTaHHKOI iTepanii 7, =3): a) ricrorpama
h(z) 300paxenns wmymoBoi ckimamoBoi f, (3 Bpaxysamusm ROI), o, =0,0479,
h. — posnoain Tayca, sikuii onucye ricrorpamy /(z) ; 6) 306paxerts o6nacti ROIL;

Cyp =492%

MOAM®IKALIA ANTOPUTMY BUIHAYEHHA PIBHA AYCOBOIO WYMY HA 30bPAXEHHAX

Po3pobrennit anroputm 3abe3neuye BUCOKY TOUHICTh OOUMCIICHHSI PIiBHS IIyMY
Ui GinpIIocTi 300paskeHb, MpoTe A 300paKeHb 3 MEBHUM THIIOM TEKCTYD
(puc. 4a) BiH nae 3aHrKeHi 3HaUeHHS © yp (puc. 40). Tomy 3 MeTOIO minBUILIEH-

HSI TOYHOCTI OOYMCIIEHHS Gy MPOBEAECHO MOAMQIKALIIO alrOPUTMY, B PE3YIlb-
tati sikoi CKB o, 300paxeHHs f);, oOumcmroeThcs y aBa eranu. Ha mepmomy
eTani G, OOYHMCIIOETBCSA Yy 3BHUAHOMY PEKUMi, a Ha APYroMy erami — s
3MiHEHOTO 3HA4YEHHs MiHIMaIbHOI AOMYCTHMOI oMl Apo; min ©07acti RO,

sIKe€ OOYHCITIOETHCS 32 JOMOMOTOI0 JHIMHMX 00MexeHnX (YHKIIiM Ha OCHOBI
Gy .

AR3, G > Opg3
Apz — 4>
Apy + (o) _Ghsz)ic o 2 Ohs2 <0 SO3
hs3 — Ohs2
Aga — Apy ’ a7
ARy +(0) —Opg)) —— ", 0ps] SO) <Ops2
G52 — Opsl
ARy, O <Opg

ARO[_min =

ac ARI = 0,010, ARZ = 0,175, AR3 = 0,300, Onsl = 0,035, Ons2 = 0,045,
Ops3 = 0,075 .

YTO4HCHHS 3HAYCHHS ARo; min AO3BOJSE IPH OUIBIINX 3HAYCHHSX G,
00YHCIIEHUX y MEPLIOMY eTamli, 301MbIIYBaTH ARy min A APYroro eray, 1o

OPUBOAMUTH IO MiABUIIEHHA TOYHOCTI OOYHMCIECHHS pPE3YJIbTYIOUOTO G
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(puc. 4B). Jlana emmipuuna dopmyia (17) BpaxoBye Tod (akT, 1mo mpu 30i1b-
IIICHHI PIBHA IIyMY BifgHOCHa 1utoia o0acti ROI Ha 300pakeHH1 301IbIITYETHCS
[4]. B pesynbrati Moaudikamii anropuTMy KOpiHb CepeaHbOI KBagpaTHYHOI
NIOMMJIKY OOYHCIIEHHS Gy 3MeHIeHo Ha ~ 0,1 %.

[*2]

e

W

=

>

1]

£

&

[ar ]

1l

=

50 100 150 200 250 300 350 400 450
k ; N=481 ; min fn=-0.147
a)

S, Sy

& <
0.07 0.07
0.065 0.065
0.06 0.06
0.055 0.055
0.05 0.05
0.045 0.045

1]
0.04 5 10 15 H8s 5 10 15 20
nT; c, =0.0426 nT; 6, =0.0441
hs hs
6) B)

Puc. 4. Tlpuxnan BU3HAYEHHS €KCIEPUMEHTAILHOTO PiBHS TaycOBOTO MIYMY O yp
Ha 300paxkeHHi 3 Tekctypamu «148089» [11, 12] (o), = 5%): a) nouarkose 300pa-
keHHst f, ; 6) rpadik iTepaiiiiHoro yrouHeHHs G, (1, ) AN MOYaTKOBOTO alropu-
™Y (puc. 2); O, =437 %; B) rpadik O, (7, ) ang MOoAU(DIKOBAHOTO aArOPUTMY;

O vy = 4,53 %, cxonuHKa Ha rpadiky o3Hauae 1o4arokx 2 etamy (aus 7, = 20)

TECTYBAHHA PO3POBNEHOI0 METO/Y BH3HAYEHHA
PIBHA TAYCOBOIO WYMY HA 306PANEHHI

[lepeBipKy TOYHOCTI pO3pOOJIEHOTO METOLY BU3HAYEHHS PiBHS rayCOBOTO LIYMY
Ha 300paKeHHi, 3aCHOBaHOMY Ha BUALUICHHI Ta aHali3i obaacti ROI, mpoBeneno
mix gac obumcnenHs excnepuMentansHoro CKB o g raycoBoro mymy ams
cepii 300paxeHs (puc. 5). BukoHaHO MOPiBHSAHHS PE3y/bTATiB BUZHAYCHHS CKC-
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nepumentansioro CKB °NE (%) TaycoBOro ImyMy CTAaTHCTHYHHM METOJIOM
[7], metomom PCAP (MeTomoM roloBHUX KOMIIOHEHT 3 CEJICKTHBHUMH 00JIaCTSI-
mu, PCA with selected patches) [4] Ta 3anpornioHOBaHMM METOAOM (pHC. 5) s
tectoBoi MHOXKHHH (100 300pakens) 6azu BSDS300 [11, 12], no skux nporpa-

MHO 107aH0 raycosuii mrym 3 CKB N (ta6m. 3).
s Ginbmiocti 300pakeHb, SAKi HE MICTSATH SICKPAaBO BHPAXKEHUX TEKCTYD,
obuncieHi 3anpornoHoBaHMM MeTo oM 3HaueHHd CKB o yp mpakTu4yHO HE BiI-

PI3HSIOTBCS Bifg TeOpeTHUHHX oy (pHc. 5). Haiibinbima noxnbka oO4YHMciIeHHS

o yg OTpuMaHa ajist 300paxeHHs «86016.jpg» 3 HomepoM 28 (puc. 5), OCKIIBKH
MaiiKe BCIO HOTO IJIONLY 3aiiMar0Th TEKCTYpH, HOIIOHI 70 1rymy (puc. 6).

12

(o)
Puc. 5. Pesynpratun BH3HadeHHs excrepuMeHtanbHoro CKB — NVE
[IyMy 3alpONOHOBAHUM METOJIOM JiIst TecToBOI MHOXKUHH (100 300paxkeHs) O6a3u

on=10%

raycoBOro

BSDS300 [11, 12], no sxux nmporpamHo aoaaHo raycosuii mym 3 CKB O (1%,

5% Ta 10%); n __ HOMep 300pakeHHs B 6a3i; GNEI, o NES , oNE10 _

excnepuMeHTanbHi 3HadeHHs CKB mymy st Ov=1 %, 5% 1a 10 %

Tabnuys 3. TlopiBusiHHsA pe3yabTaTie BusHadeHHs CKB o yp (%) raycoBoro mymy

piSH]{lMI/l METOJdaMHu GNEA — CE€pPeIHE 3HAYCHHSA GNE; RMSE — KOpiHL cepem—lbo’l’

KBa)]paTl/I‘lHOi MOMMWJIKHM MizK 3HAYEHHSIMH GNE Ta GN

CTaTUCTUYHHUI METO PCAP 3anponoHOBaHUM METO]
OnN» %

O NEA Rysse O NEA Ryse O NEA Ryse
1 2,151 2,011 1,068 0,304 1,034 0,253
5 4,994 1,445 5,022 0,263 4,921 0,277
10 9,737 1,61 10,052 0,264 9,956 0,240

1..10 1,705 0,278 0,257
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501

1.000

100 4.

150

200

321 ;max fn

i, M=
]
(4]
o

w
[=]
o

50 100 150 200 250 300 350 400 450
k ; N=481 ; min fn=0.114

Puc. 6. 3o06paxenns «86016x» [11, 12] 3 sickpaBo BUpaKECHUMH TEKCTYpaMH

PesynpraTn Bu3HaueHHs excriepuMenTaibHoro CKB o yp raycosoro mymy
st TectoBoi MHOkMHU (100 300pakens) 6azu BSDS300 [11, 12] (Tab:a. 3) mo-
Ka3yloTb, IO MOXHOKA Rj/qr 3aIPONOHOBAHOTO METOIY Ha IOPSIOK MEHIIA 32
MOXMOKY CTAaTHCTUYHOTO METOAY 1 y OLIBIIOCTI BUIAJAKIB MEHIIA 3a MOXHUOKY

Metony PCAP. 3anpomnoHoBaHHH METOJ| TaKOX IOKa3aB BHUCOKY 301KHICTH —
st sunineras obnacti ROI moTpiOHo B cepemaboMy 6 iTepartiil.

Po3po0bneHnii MeTo/T aBTOMAaTUYHOIO BH3HAYCHHS PIBHS IIyMy Ha IU(GPOBUX
300paxkeHHsX, a came CKB & ) raycoBoro 1mymy, moJisira€ y BUIUICHHI o0mac-
1i ROI, Ha sAKii NpUCYTHIA B OCHOBHOMY LIyM, B OOYHCIICHHI TiCTOrpaMy BHIi-
nenoi obnacti, CKB o), ricrorpamu Ta B po3paxyHKy piBHS IIyMy G g Ha OC-
HOBI 3HAYEHHS G, .

[loGynoBana maremaTHyHa Monenb (inpTpawii 300pakeHb 3 TayCOBUM IIy-
MOM, sika 0a3y€ThCsl Ha HU3bKOUYACTOTHIN (uIbTpalii 300pakeHb, 103BOJIIE BHU-
ninutu obacti ROI, Ha sikux mepeBajkae rayCoBUM IIIyM.

[IpoBeneno mMoaudikalio anropuTMy BU3HAUEHHS PiBHS rayCOBOTO LIyMY
Ha 300paKCHHSAX, SIKa MOJISIra€ B YTOUHEHHI 3HA4YeHHs MiHIMaJIbHOI JOIMYCTHMOL
ot obsnacti ROI, mo 3MeHIIye KOpiHb CepelHbOi KBAAPATHUHOI MOMUIIKH
o0uMciIeHHs piBHA WyMy G v Ha ~ 0,1 %.

3amponoHOBaHUIl METOJ MporpamMHO peanizoBaHo B cucremMi MATLAB.
TouHicTh MeTOMy mepeBipeHO mmif 4yac oOpoOsieHHs MHOXHHH 100 TecToBUX
300paxkeHb, MPH IIbOMY KOpiHb CepeqHbOI KBaJAPATUUHOI MOMUIKU OOUNCIICHHS
o yg nopiBaioe 0,257 %.

3anponoHOBaHUN ANTOPUTM BUKOPHCTOBYE IPOCTHH METOA aHajli3y TicTo-
rpamu JijIs PO3MOIiTYy SICKpaBoCTI 300pakeHHs B obyacti ROI, ane 3a paxyHOK
TouyHOro BuAaineHHs oOixacti ROI 3abesmedye MeHIy moxXuOKy OOUMCIEHHS
o NE , HDK HaliTouHimi cy4acHi Metoau, 30kpema PCAP.
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ABTOMATUYECKOE OIIPEJEJIEHUE YPOBHA
AYCCOBCKOI'O IYMA HA ITUPPOBbBIX U30BPAXKEHNAX
METOJOM BBIJEJIEHHBIX OBJIACTEU

Pazpaboran MeTO/; aBTOMaTHYECKOTO ONPE/ICICHUSI YPOBHS IIyMa Ha HU(QPOBBIX H300paxe-
HHAX, @ UMEHHO CPEJHET0 KBaJPaTUYHOTO OTKJIOHEHHS TayCCOBCKOTO IIyMa. Y POBEHb IIyMa
BBIUHCIIACTCA YC€PEe3 CpEeAHEEC KBAAPATUYHOEC OTKIOHCHHUE T'UCTOIrpaMMBbl JIs BbIZ[eHeHHOﬁ
obrmacTH M300pakeHHs, Ha KOTOPOH HMeeTcs, B OCHOBHOM, HIyM. [IpemioxeHHBIH MeTox
nporpaMMHO peanuzoBaH B cucteMe MATLAB. IIpu o6paboTke TeCTOBBIX H300pa)keHHiH
HpEIOKEHHBIM METOIOM IONTydeHa MEHbINas MOTPEIIHOCTh BBIYHCICHHS YPOBHSA ITyMa,
YEM IIpHU UCIIOJIB30BaHUU APYTUX COBPEMEHHBIX METOI0B.

Knrwouesvie cnosa: yugposas obpabomxa uzobpasxicerutl, onpeodeneHue YpoeHs wymd, cpeoHee
K8AOPAMUYHOE OMKIOHEHUE 24YCCOBCKO20 WYMA, SUCIOZPAMMA U300PANCEHUS.
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AUTOMATIC DETERMINATION OF LEVEL
OF GAUSSIAN NOISE IN DIGITAL IMAGES
BY METHOD OF THE SELECTED REGIONS

Introduction. The noise level is an important parameter for common application tasks of digital
image processing: noise removal, segmentation, recognition and other. At the experimental
image processing the noise level in most cases is unknown, so development of a method for
automatic and accurate determination of noise level in images is an actual and important for
practice task [1-7]. Additive White Gaussian Noise (AWGN) belongs to the widespread noise
model, since many noises in the real images are described rather accurately by the AWGN
model [1]. For this reason this article will consider the methods of noise level determination in
the images within the AWGN model, and this noise will further be called Gaussian noise for the
sake of simplicity. Level of Gaussian noise is expressed by standard deviation of noise.

The purpose of the article is to develop an automatic method of Gaussian noise level de-
termination in digital images, which uses the selection of image region based on its low-
frequency filtering and performs calculation of noise level by analyzing of histograms of the
selected region. The article is aimed at software implementation of the elaborated method in
the MATLAB system and estimation of its accuracy by processing the collection of test im-
ages.

Methods. The method of the selected regions for calculation of Gaussian noise level,
which involves the selection of image region and analysis of its histogram is used. Convolution
operation to filter digital images is applied. For estimation of accuracy of noise level determina-
tion the root mean square error (RMSE) between the experimental and theoretical noise levels
for the test images is used.
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Results. The method of automatic determination of level of Gaussian noise in digital im-
ages is developed. A method consists in the selection of the image ROI (Region Of Interest)
[1, 3], where the noise is mainly present, in the calculation of histogram of the selected region

and standard deviation G, of histogram and in the calculation of experimental level of noise

o yg based on value o, . If the o variation does not exceed the established limit, the

process of the ROI clarification is completed. The proposed method is software implemented
in MATLAB system [3].

Conclusion. The mathematical model of image filtering with Gaussian noise is created.
The created model allows selecting the ROI regions with the prevailed Gaussian noise [8, 9].
The modification of the algorithm for determining the level of Gaussian noise in images is
implemented [10-12], which specifies the minimum permissive value of the ROI area, lead-

ing to reducing the root mean square error of calculation of noise level & gz on 0.1%.
The accuracy of the proposed method is studied by processing the set of 100 test images
[11, 12], and the root mean square error of calculation © yg equals to 0.257%. The resulting

error of calculation © p is less, than the one obtained for the most accurate modern methods

of determination of noise level [4, 5]. With the use of more precise method of the ROI noise
level determination, different from histogram analysis, the accuracy of the proposed method
can be improve.

Keywords: digital image processing, noise level determination, standard deviation of Gaus-
sian noise, histogram of image.
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IHOOPMALIAHMA CYNPOBIR OCNIAIKEND {MHAMIKM BIJHOBNEHHA
PYXIB NICNA IHCYNbTY

Pospobneno memoouxy KinbKicHOI oyiHKU edeKmueHocmi 8iOHOBNIEHHSA PYX08UX (DYHKYIU Y
xeopux nicas iHcynromy. Ocobaugicms MemooOuKu NONA2AE 8 KibKICHIU OYiHYl OuHamiku Oe-
Qpiyumy pyxoeux yHKYill OKpemo YpaxtceHoi HUMCHbOI i 6epXHbOI KIHYIBOK, IX NPOKCUMATb-
HUX | OUCMANbHUX 8I00INI8, Y MOMY YUCL] MOHKOL MOMOPUKU KUCTI, 3a OCHOBHUMU | 000am-
Kogumu kpumepisimu. Memoouxka 003801s€ 00CHIOUMU 6HECOK YUX NOKAZHUKIB 8 THMeSPanibHy
KLIbKICHY OYIHKY ehekmusHocmi 6I0HOGIeHHs PYXié npu peabinimayiinux 3axodax. I[lpusna-
uena 071 IHPOPMayitinol NIOMPUMKU RPUUHAMMSL JIKAPCOKUX PilleHb 3 HopmMyeanHs iHOUSI-
0yanbHo20 niany peabinimayii pyxosux i MOGIEHHESUX (PYHKYIU Y XBOPUX NICAS [HCYbMY.
Ipotiwna ninomuy KiiHiuHy anpobayiio npu O0CHIONCEHHAX OUHAMIKU BIOHOGIEHHS DYXi
nicas IHCYIbMy 3a IHHOBAYIUHOK MEXHON02IEI0 MPEHY8aHHs / 6IOHOGICHHSL PYXOBUX (YHKYIU
TPEHAP®.

Knwuosi cnosa: xinvkiche oyinweanHs, Kpumepii, peabinimayis, epekmusHicms, iHCYIbM,
PYX08i (YYHKYil, MOGIEHHS, NOPYULEHHS.

BCTYN

[Iupoke po3MOBCIOKEHHS TOCTPHX MOPYIIIEHh MO3KOBOTO KpoBoobiry (I'TIMK)
Ta iX HAOULIBII Baxkkol opMu — iHCYIBTY (B YKpaiHi mopiuno a0 120-tu tu-
CSTY HOBUX BHITAJIKiB MO3KOBOTO 1HCYJBTY), BUCOKI TTOKa3HUKH CMEPTHOCTI, SIKi B
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1,5 pa3u BuIIE, HiK B pO3BHHEHUX KpaiHaX, i 3HAYHUI BiJICOTOK 1HBAJIJIB cepes
THX, 10 BH)KWJIHM, CTABISATh 1HCYJIBT Ha OJHE 3 MEPIIUX MICIb Y PSAAl MEIUKO-
comianbHUX mpobieM [1]. OxHiero 3 HAWOLIBII YaCTUX MPHYUH 1HBATIIHOCTI
MiCJIs IHCYJBTY € BTpaTa (4acTKOBa Pi3HOTO CTYIEHIO abo MOBHA) PyXOBHX (PYH-
KII KIiHIIBOK, 00aMYYsi, TyjyOa 37iBa abo crpaBa B 3aJIeKHOCTI, BiAMOBIIHO,
BiJl IPaBO- M JIIBOCTOPOHHBOTO IHCYJBTY, CTYIEHIO TSDKKOCTI Ta OOLIMPHOCTI
MO3KOBOTO yaapy. Hacimiakom iHCYJbTy € HE TiJIbKH PO3JIaAH PYXOBUX (PYHKIIH
(remimapeswu, remimerisi), ane i, y 50-60 % Bunankax, MoBHI nopymeHHs. Of-
HUMH i3 HaWMOIIMPEHIMNX MOBHHUX MOPYLICHb y TaKUX MAalli€HTIB € MOTOpHA
acdasist BHACHIIOK YPaXCHHS MOTOPHOI MOBHOI 30HU KOPH T'OJIOBHOTO MO3KY —
o0xacti bpoka, y skiii GpopMyeTbes pyxoBa MporpaMa MOBHOTO BHCJIOBJICHHS.
XBopuil BTpadyae MOKIUBICTh TOBOPUTH BHACHIIOK TIOPYIIEHh PyXOBUX KOMaH]I
NoAiIOHO TOMY, SIK PO3JIaAH PYXOBHUX (YHKLIN micas iHCYynbTy (TeMimeris, remi-
nape3) BiI0OYBaIOThCS 3aBISKU TOPYIICHHSIM PYXOBHX KOMaHJ Y MOTOPHHX 30-
HaX KOPH IOJOBHOTO MO3KY, HEMPOHU SIKUX OPraHI3yIOTh PyXOBHH akT. M’s130Bi
PYXH MOBJICHHEBOTO arapara € OJHUMH 3 BUIIIB IOBUIBHUX M S30BUX PYXiB.
OCHOBOIO HE TiNBKU BiTHOBJICHHS (QYHKLIN pyXy, aje il mam'siTi, MOBJICHHS,
HaBYaHHS, HAOYTTS HOBMX HABUYOK € HEHPOIUIACTHYHICTh — 3JIaTHICTH HEPBO-
BO1 CHICTEMH BiJTHOBIIIOBATH CBOIO (DYHKIIIIO 3a JJOIOMOTOO SKICHUX 1 KiJIbKICHUX
HeHpoHaNbHUX MepeOyaoB, 3MiH HEMPOHAIBHUX 3B'A3KiB IiJ] BIUIMBOM LiJIECI-
PAMOBAHOI aKTHBAIll HEPBOBOI CUCTEMH. [ '0JIOBHHMIA CIIOCIO chOpMYyBaTH HOBY
CHCTEMY CYyNpaclUHAIBLHOTO KOHTPOII0 PyXaMH 3aMiCTh BTPauyeHoOro ado cro-
TBOPEHOT'O MATOJIOTIEI0 € M'A30BE€ CKOPOUCHHS, SIKE 3MYILY€E MPAILOBaTH peLer-
TOPH B M'sI3aX Ta CYXOKWIIIX 1 MOCWIATH adepeHTHI IMITyJIbCH 10 HEYIIKOKE-
HUX JIIISHOK MO3KY. ToMy MiOHEHPOCIEKTPOCTUMYJIALISA, OCOOIUBO MPOTPaMHa,
SK CIIOCI0 MPUMYCOBOTO CKOPOYEHHS M'A3iB 32 MEBHUMH MPOTrpaMaMH, MiIlHO
yBililuTa y KOMIUIEKC peabimiTaliiHuX 3aXO0JiB, CIPSMOBAHUX HA BiTHOBJICHHS
pyXoBuX QYHKIiH y mapanizoBanux XxBopux. [lopsi 3 mporpamMHOr0 MioHeHpoe-
JEKTPOCTUMYJIAIIEI0 IUPOKOTO MOUIMPEHHST HA0YB METO/]| 010J0TiYHOTO 3BOPO-
THOTO 3B’SI3Ky, SIKHH 3/aTEH MPOBOJUTH TPEHYBaHHA Ta KOPEKLIIO PYXiB HpHU
Bi3yaJIbLHOMY 1 3ByKOBOMY KOHTPOJI BHKOHAHHSI TPCHYBAJIbHOTO 3aBIaHHS Ta
CTHMYJIIOBaTH JIOJJATKOBI CEHCOPHI 30HU KOpHU. AJDKE BiZJOMO, III0 MOTOPHA 30HA
€ He TUIBKM KOPTHUKAIBHUM BiJJiJIOM MPONPHUOLENTHBHOI CEHCOPHOI CHUCTEMH,
aje ¥ MicleM KOHBEPreHLii MPOeKLiid BiJ YCiX IHIIMX CEHCOPHUX 30H KOPH.
JloriyHuM € ¥ PO3BUHEHHS METOIIB, SIKI «FOTYIOThY MOLIKOIKEHY MOTOPHY 30HY
10 adepeHTHOI MPONpUOLENIii Bil MPUMYCOBHX CKOPOYEHb M A3IB Yypa)KeHOL
KIHLIBKU AJIS1 TiACHIeHHS e(eKTUBHOCTI adepeHTtanii. YnM Imumpiie CnexkTp 3a-
Jlad, sIKi BUKOHYIOTBCS JUTS TPEHYBaHHS M’ SI30BUX PYXiB, TUM Oibine (QyHKIiO-
HaJILHUX 3B’513KiB popMyeThes. Ponb BTpaueHuX CTPYKTYp Y CUCTEMi KepyBaHHS
pPYyXaMu MOYMHAIOTH BiAirpaBaTH HOBIi (yHKUioHANbHI yTBOpeHHs. Llupme cra-
I0Th aCOIIaTUBHI 3B’sA3KW. HassBHICTH pi3HUX METOJIIB Ta IMpOrpaM 3a0e3neuyrTh
aJICKBAaTHICTh KEPYIOUHMX BIUIMBIB Ha PYXOBY CHCTEMY IMAIli€HTa, JTO3BOJSIIOTH
IHAMBIAyalbHO HAa KOXKHOMY eTalli peadiniTauii opranizoByBaTH npouec Gopmy-
BaHHs/TPEHYBaHHS PyXiB BIPUTYJ A0 iX MOBHOTO BiIHOBJIEHHS, IIOETAITHO MOOi-
J3yIOUW Pe3epBU OpPTraHi3My JJIsl BiJIHOBIICHHS/KOpEKIii pyxoBux ¢yHkiii. Ca-
Me TaKuil TMiIXiJ 3HAWHIIOB BUKOPHCTAHHS Y HOBIM TEXHOJOril TpeHyBaH-
HsI/BiTHOBHOTO JTiKyBaHHS PyXOBHX i MoBjeHHeBHX (yHKuiit TPEHAP®. Texuo-
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JIOTIF0 peanizyloTh ABI MoAu(iKallii MOPTATUBHUX €IEKTPOHHHX BUPOOIB muQ-
poeoi meaunmaun TPEHAP-01 i TPEHAP-02. Cknaax moxaynie amapatie TPE-
HAP no3Bonsie 3ailicHIOBaTH pi3Hi BUAM iH()OpMAIiHHO-€HEPTeTUYHOI B3aEMOI1
30BHIIIHIX KOHTYPIB KEepyBaHHs 3 BJIIACHHUMH CHCTEMaMHU KEpYBaHHs pyXaMH
JIIOIMHY, TIPOBOJIUTH KOMIUIEKCHY aKTHBAIIII0 CEHCOPHUX 30H KOPH TOJIOBHOTO
MO3KY 32 METOJOM Oi0JIOTiYHOTO 3BOPOTHOIO 3B’S3KY, 30POBOTO i CIyXOBOTO,
«MiATOTOBKY» MOMIKOKEHUX CTPYKTYp OO CIPUHHSATTSA CUTHANIB aKTHBaLil 3a
METOJIOM TIOPOTOBOI ENEKTPOCTUMYJIALIIT, B3aEMOJII0 MiX MiBKYJISIMA MO3KY Ha
0a3i mporpaM MiO€JIEKTPOCTHUMYJISLII, SIKi «3UUTYIOTHCS» BiJl CKOpPOUYEHb BIIac-
HUX 3I0pOBUX M’s13iB [2].

3B'I30K PyXOBHX 1 MOBJICHHEBHX (YHKIIIH, OJNM3BKICTh MPOEKII KUCTI 10
MOTOPHOI MOBHOI 30HH, TO3UTUBHHI BIUIMB TPEHYBaHHS TOHKUX PYXiB MaJbIIiB
PYK Ha PO3BUTOK MOBJICHHS JUTHUHH CKJIAIH TCOPETHYHY MEPEAYMOBY HOBOTO
METOJy 1 TEXHOJIOTIi BiIHOBJICHHSI MOTOPHOTO KOMITOHEHTa MOBJICHHS Ha 0a3i
IIIECTIPSIMOBAHOTO TPEHYBaHHS JPiOHOI MOTOPHKHM KUCTi 32 METOJaMH 1 Ipo-
rpamamy, mo HagaoTs anapati TPEHAP Ta opurinanbHUMH METOAUKAaMH Tpe-
HyBaHHA [3].

Pi3nHi MeToH, TIpOTpaMu 1 METOAMKH TPEHYBaHb 3a0€3MCUyIOTh:

e IHAWBIAyaJbHUH MiJXiJ| T4 aKTHBI3aIlil0 TOJJATKOBUX PE3EPBiB 110 peadi-
JTani;

® aKTHBHE 3aJIy4CHHs MalieHTa y peabiiTauiiiHuil mporec;

e CBiIOMHH KOHTPOJIb TPEHYBAJIBHOTO MPOLECY Ta CAMOCTIHHE J103yBaHHS
HaBaHTAXXCHHSI.

[epeniueni nepearu € BAKIUBUMH (aKTOpaMH y TAKOMY CKJIaJHOMY i JI0-
BrOTPUBAJIOMY TIPOLIEC], SIK BiIHOBICHHS PYXOBHX 1 MOBIICHHEBUX (DYHKIIIH.

Kuiniuna anpo6aunis Texnonorii TPEHAP® y BinsoBHOMY nikyBaHHI pyXo-
BUX QYHKIIN y nopociux i gitedt (17 KIHIYHEX 1 03I0OPOBYMX 3aKIIAJIiB Pi3HUX
perioHiB YKpainu, 3arajibHa KUIbKicTh XBopux — noHana 12 000) moka3zana 3Ha-
YHUH NPOLIEHT MOKPAIIEHb, IKKH, 30KpeMa micist iHcynbTy (monazn 4300 natieH-
TiB), 38 EKCIIEPTHUMH OLiHKamMHu focsirae 93 %. [IpoueHT nokpameHb MOBJICHHE-
BUX (QYHKIIN y XBOpUX MicIs iHCYNbTY (MOTOpHA adasisi, mpaBoOIYHUHN remimna-
pe3) nocsirae 74 % mpotu 6a3oBoro Kypcy — 41 %.

Li pe3ynbpTaTé HAAAIOTH MiACTaBY AJs BKIIOUEHHS 3alIPOIIOHOBAHOI TEXHO-
Jorii BiIHOBIICHHS PYXiB i MOBIICHHS JJO 00OB’SI3KOBOI'O KOMILIEKCY peadinita-
HidHUX 3axomdiB. [IpoTe HaBeleHI MOKAa3HUKU IOKPAIICHHS BiII3CPKATIOIOThH
EKCIIEPTHY OI[IHKY CIIEHiaNicTiB, SKa HOCUTH SIKICHMIA i B 0araTboX BHITJKaX
cy0’eKTUBHHMI xapakTep. Pa3oM 3 TuM, yCHiX IIMPOKOTO BUKOPUCTAHHS iHHOBA-
uiitnoi Texsonorii TPEHAP®, 3HauHOI0 MipoI0 BHM3HAuaeThCs 00 €KTHBHOKO
OLIIHKOIO MO3UTHUBHOI AMHAMIKHK JediuuTy pyxoBUX (YHKUIHA B pe3yibTaTi pea-
OlmiTalitHuX 3ax0[(iB, BAXKJIMBE 3HAUCHHS B SIKill BiJirpae KiIbKiCHA OIliHKa 3a
JOKa30BUMH KpHUTepisaMu. KijibKicHA OIIIHKA € BaYKJIMBOI CKJIAJIOBOIO Y ITU(PO-
Bilf MEIUIIMHI, 30KpeMa, OCHOBOIO CHMHTE3Y MOOUIBHHX JOAATKIB iH(OpMaiiiHO-
KOHCYJIFTATUBHOI MiATPUMKH JIIKapsl B OLIHIOBaHHI eEeKTUBHOCTI peadiyiTawiii-
HOTO Tporecy 1 (hopMyBaHHI IHIUBITyaTbHOTO TUIAHY peadiyiTalii XBOporo Iic-
IS iHCYTIBTY.

Mema pob6omu — BU3HAUYEHHS KPUTEPIiB KIJIbKICHOTO OLIHIOBaHHS JHHA-
MIKW BiTHOBJICHHSI IPOKCUMAITBHUX Ta AUCTATBHUX BiJINIIB BEPXHIX Ta HIDKHIX
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KIiHI[IBOK OKPEMO, a TaKOX IHTErpajbHOTO KUIBKICHOTO OIIHIOBaHHS TTTHOWHU
PYXOBUX TIOPYILIEHb Y XBOPHUX TICTIS IHCYIIBTY.

SATANbHA MOJIENDL OLIHIOBAHHA JEQIUMTY PYXOBMX OYHKUIA

TexHonorisa peabiniTaliiHOTO MpOLECY MOYMHAETHCS 1 3aKIHUY€ETHCS EKCIEepT-
HOIO OLIIHKOIO 00’€KTa peabimiTauii Ha KOXKHOMY eTarli. SIK mpaBuio, NalieHT y
BiTHOBHOMY JIIKyBaHH1 PyXiB IIPOXOJUTH KilbKa eramiB. KoxxHuil BuUMarae inau-
BiyalbHOTO, aJIeKBATHOTO CTaHy PYXOBUX (DYHKIiH 1 3aralbHOMY CTaHy Mallie-
HTa Ha JaHOMY €Talli, MiAX0xy 0 MOOuTi3allii pe3epBiB OpraHi3My Ha BiJTHOB-
JICHHSI PYXiB, BU3HAYCHHS 1HAMBIIyaJIbHOTO IJIaHYy, METO/IB, POTpaM Ta periia-
MEHTY KepyIOUHX BIUIMBIB, SIKU 0a3yeThcs Ha OI[IHIOBAaHHI Je(QiUTy pPyXOBUX
(GYHKLIH 3 ypaxyBaHHSAM 3arajbHOrO CTaHy Malli€HTa.

Buninsiote HacTymHI nepiodu peabirimayii (BIAHOBHI Mepioau) MOCTIHCY-
JBTHUAX XBOpUX: roctpuil mepion (tpu-dyotupu TwxkHi micns ['TIMK), panniit
repiof (10 MIeCTH MICSIiB), Mi3HIN MEpio (0 OJHOTO POKY), a TAKOXK pe3uaya-
neHU niepiof (6inbme poky micns ['TIMK) [4, 5].

CumnTomMaTuka pyXxOBHX HOPYIIEHb 3aJICKUTH BiJl TEPMiHY MOYATKY iHCY-
JBTY, JIOKaJTi3alii i po3mipy marojoriyHoro Borauima. Croyatky JOBUIbHI PyXH
MOYTh OyTH MOBHICTIO BTPadeHi, a MOTIM IeMIIIerisi NePeXxoanuTh B reMimnapes
13 IEPEBAKHUM YPAXKCHHSM AMCTAJIbHHUX BIIIUTIB KiHIIBOK. BiqHOBICHHS pyXi-
BIIOYMHAETHCS 3 HOTH, MOTIM PYKH, TIPUYOMY 3 MPOKCUMAIbHUX BIJJIUTIB KiHITi-

OmiHIOBaHHS TMUOMHHU MOPYLIEHb PYXOBHX (PYHKIIH Ha IEBHOMY
etamni peabimiTamii

! U

BepxHs kiHiBKa HuxHa kiHniBKa
JucranpHuit Hucranpauit
BIIIIT Biamia
[IpokcumansHMIA [IpokcumansHMI
Biamia Biamia

Tonka MOTOpHKa
KHCTI

V |

[HnuBigyansHuii IaH peadiniTanii micas iHCyIbTY

Puc. 1. TapopmaniiHO-CTpYKTYpHA MOJeSb (OPMYBAaHHS 1HIUBIAYAILHOIO IUIAHY
peabiniTanii pyxiB miciis iHCYJIbTY Ha TICBHOMY €Tarli.
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BOK. Uepe3 KilbKa JHIB Micisl 1HCYJIBTY IOYMHAE BiJHOBIIOBATHCS M'S30BHM
TOHYC TIapaJli30BaHUX KiHI[IBOK: B PYIIi MiBUIIY€ETHCSI TOHYC M'S31B-3THHAYIB, &
B HO31 — M’s13iB-po3ruHaviB. HepiBHOMipHE MigBUILEHHS TOHYCY M'A31B Hajzami
Bezie 10 (hopMyBaHHsI B 3TMHAIBHUX CYTJI00aX PYKH 1 PO3THHAIBHHUX Cyriio0ax
HOTH KOHTPAaKTyp [6, 7].

BpaxoByroun ne, npu ¢opMyBaHHI iHIUBiAyadbHOTO IUIaHy peabimitamii
XBOPOT'O MICJIsl IHCYJIBTY HOCTa€ HEOOXIAHICTh IPOBOJUTH HE TINBKH 1HTErpallb-
HE OIIHIOBaHHsI e(peKTUBHOCTI peadiiTalii pyxoBuX (QpyHKIIIH, ane i JOoCTiKy-
BaTH JUHAMIKy JeQiuuTy pyXOBHX (QYHKLIH OKpeMO BEpXHiX 1 HIKHIX KiHLIBOK,
iX JUCTambHUX 1 MPOKCHMAaJIbHUX BIJUIINIIB Ha PI3HMX eramax peaOdimiTarii
(puc. 1).

KPUTEPIT KINbKICHOTO OLIHIOBAHHA E@IYHTY PYXOBMX ®YHKUIA

EdextuBHicTh pealinmiTamii BU3HAYA€ThCS 4Yepe3 IMOPIBHAHHSA TIMOWHH TOPY-
LIeHb PyXOBHUX (PyHKLIH 70 1 micns peadimiTawmii i3 3aCTOCYBaHHSIM KPHUTEPIiB
OLIIHIOBAaHHSI TTTMOMHY PYXOBHX MOPYIIEHb (puc. 2).

VY kiaiHiYHIA TOpakTHLll e(eKTUBHICTH pealiiTaiii MPOBOASITh Ha IMiICTaBl
3MiH 3arajJJbHOro HEBPOJIOTIYHOIO CTaTycy, (PyHKIIOHAIBHUX PYXOBHX MOXKIIHU-
BOCTEH, NOKa3HUKIB MOOYTOBOI ajanTauii XBOpUX, Tomo. s HOro 3acToco-
BYIOTB Pi3Hi mKkanu [5, 8, 10, 11]. Hal6inb1m nonyisipHUMH €:

* Monu(ikoBaHa miKana PeHKiHA, fKa HAJICKHUTh IO HANMPOCTINIHX 1 10
HANKOPOTIIMX TECTIB, SIKUMU OLIHIOIOTH SIK CTYMiHb MOPYIIEHHS (PYHKIIH, Tak i
po3naau KUTTEMisLIbHOCTI. Ll mKana nmokaszye QyHKIIOHAIBHY CIPOMOYKHICTb
XBOPOTO MICJIsI IHCYJIBTY, HOTO 3IaTHICTh O BUKOHAHHS JTiH;

* ingexc bapTena, 10 3aCTOCOBYEThCS /ISl OIIIHKK HE3aJEKHOCTI TAIli€EHTIB
Y HOBCSAKICHHOMY >KUTTI. L5 mKana nokaszye HaCKiIbKKA XBOPHH MICHA 1HCYIBTY
CXWJIBHUH 70 caM00OCITyrOBYBaHHS Ta IMEPEBAYXKHO CIPSIMOBaHA HA OIIHKY IICH-
XIYHOTO CTaHy MaIliEHTA.

Kpurepii omiHKY TIMOMHH OPYIIEHb PYXOBUX (YHKITIH

1l

O1iHtOBaHHA
TUOWHU PyXO0- PeaGimiTawis 3a O1iHIOBaHHS
BHX IIOPYIICHb i {HHBITyATBHIM i TITHOHHU pyxoBux

Ha IIEBHOMY TAHOM HOPYIISHb MiCIs
erari peabijira- peabimitarii
mii micns iHcy-

JBTY

U

OuinroBanHs epeKTUBHOCTI peabimiTamii

Puc. 2. OuiHroBanHs epeKTUBHOCTI peabimiTarii.
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[IpenMerom HamUX IOCIIIKEHb € BUOIP JTOKA30BUX KPUTEPIiB OLIHKH Jie-
¢binuty pyxoBux (QyHKIIH micis iHCYynbTy. B pesynbrari aHami3y sitepaTypHUX
mxepen [5,11, 12] ans ouiHroBaHHSA TTUOWHU PYXOBUX MOPYLIEHb HAa MEBHOMY
eTami peadimiTalii mcis 1HCYJIbTY, 0 1 Hichs pealbimiTarlii, 3aIporoHOBaH1 Taki
KpUTEpIi:

* OCHOBHI — cHJia M’5I3iB Ta OOCAT PyXiB; 32 UMM KPUTEPIsIMU OLiHIOBA-
JIUCH MPOKCUMAITBHI 1 TUCTANBHI BiALIN KiHITIBOK

* JIOMATKOBI — I HWKHELOIT KIHIIBKH OIlIHIOBAJIaCh XO/a, a I TUCTAIb-
HOTO BiZJlily BEPXHBOI KiHIIBKH (KUCTh PYKH) — MPOTUCTABICHHS TUCTATBbHOL
(ayiaHr¥ BEIMKOTO MaJbIsl OCHOBI 1HIINX, 3TUHAHHS NaJbIiB Y KyJIaK Ta OCHOB-
Ha QYHKIIisI KHCTI (CXOTUICHHS 1 BTpUMYBaHHs nipeaMeTis) [11].

* TOHYC M’513iB (NOJUISEThCSA HA TINEPTOHYC (CMACTHYHICTH) Ta TIlIOTOHYC
(MIIIBiCTB)), BETMYMHA SKOTO € HETTOCTIHHOO TiCIs iHCYIBTY.

Ha puc. 3 300paxeni BuOpaHi Kputepii OliHIOBaHHS aeinuTy (TTHOMHH
MOPYIIEHB) PYXOBUX (QYHKITIH.

s o1iHIOBaHHS PyXOBHX MOPYIIEHb BUKOPUCTOBYIOTH SIK IHCTPYMEHTAJIb-
Hi METOJIW: JTUHAMOMETPIisl — JUIS BU3HAYCHHS CHJIA M’ 5I3iB, TOHIOMETPist — IS
BU3HAYEHHS 00csry pyxiB [5, 12], MIOTOHOMETpisi — JUIsi BU3HAYCHHSI TOHYCY
M’s13iB [13], Tak i TECTOBI METOM €KCIIEPTHOTO OIiHOBaHHs. OCKITEKH HE KOXK-
Ha KJiHIYHA yCTaHOBA MAa€ Yy HasBHOCTI BIIMNOBiAHI 1HCTPyMEHTaJbHI METOIH
OILIIHIOBaHHs, HAMH OYJIM BUKOPUCTAHI TECTOBI METOJIU €KCIICPTHOI'O OI[IHFOBAH-
HSl pyXOBUX MOPYIICHB, K1 € MPAKTHYHUMH 1 JOCTYITHHMHU.

TectyBanHs (QYHKIIIT BEpXHBOI KIHIIIBKM € BaXKJIMBUM ISl OI[iHFOBAaHHS BiJl-
HOBJICHHS NMPOKCUMAJIBHUX 1 JUCTANBHUX BIIAUIIB PYKH, @ TAKOXK MPOBEICHHS
KOpEJIALiT MK BIZJHOBJICHHSM MOBJICHHS 1 BITHOBJICHHSIM KUCTI. [[y1si HUX BU3HAa-
YarOThCS CHJIa BiJIOBIMHUX M’S3iB, SIKi 3[IHCHIOIOTH Ii pyXH, Ta 00CAT IUX PY-
XiB.

KinmpkicHa Mipa M’S30BOi CHIIM BHpa)ka€ 3JaTHICTh M3y JI0 CKOPOYECHHS
i 9ac MpOTUIl 30BHIIIHIN CHIIi, B TOMY YUCIi CHIII TsOKiHHS. [Ipy BU3HAYEHHI
CHJIM M’ 5131B 3arajibHUM € MIPUHLUIN "HaIpyra Ta MOAO0JaHHS": XBOPUN HANPYXKye
BiJIMOBITHUN M’sI3 1 yTPUMY€ HOTO y MOJIOKEHHI MaKCUMAaJIbHOTO CKOPOYCHHSI, B
TOW Yac SIK JIKap HAMAaraeThCsl PO3TATHYTH M 53, JOJAIOYM CIIPOTUB MAIli€HTA.
[Ipu BU3HAaYCHHI 00CATY PYyXiB JOCTIHKYIOTCS TI00aIbHI PyXH TUISHOK KiHIIi-
BOK: ITHSATTS BEPXHBOI a00 HIDKHBOI KiHI[IBKH, 3THHAHHS JIIKTHOBOTO ab0 KO-
JIHHOTO Cyrii00a, 3STUHAHHI/PO3TMHAHHS KUCTIi, MPUBEICHHS CTOMU Ha cebe Yu
BHU3.

Kpim 3a3HaueHux KpUTepiiB y LUX BiAiIaX BEPXHBOI Ta HIXKHBOI KiHLIBKU
TaKOX OI[IHIOETHCS 1 TOHyC M’s13iB. [1ig M’I30BUM TOHYCOM PO3YMIIOTh CTYITiHB
MPYKHOCTI M’5132 1 TOH CHPOTUB, KU BUHUKAE TPU MACHBHOMY PO3TSATHEHHI
M’s13a BIPOJOBXK PYXY y Ccyriodi. 3MiHH M’S30BOT0 TOHYCY € BayKIMBUM iHIMKA-
TOPOM HASIBHOCTI 1 JIOKaJTi3aIlil MaToJIOTIYHOTO MPOIIECy, aje BU3HAYUTH Il 3Mi-
HU He 3aBX¥au Jerko [5]. JocnipkeHHS TOHYCY M’SI3iB 3JIHCHIOIOTH HUISIXOM
majepnanii M’s3a (OLMIHIOBaHHS HOTO MEXaHIKO-€JaCTHYHHX BJIACTHBOCTEH) i
LUISIXOM OL[iHIOBaHHS Pe()IEKTOPHOIO CKOPOUYBaHHS M 5133, TOOTO TUM CHPOTH-
BOM, SIKHii BAHUKA€E NIPU BUKOHAHHI MACUBHUX PYXIB Y CYIJI00i.

ExcniepTHe OMiHIOBaHHS YPa)XCHUX KiHIIIBOK MPOBOJIUTHCS MO BiIHOIICHHIO
JI0 BIIACHUX 3JIOPOBUX KIHIIIBOK TAIli€HTa, PyXOBi (DYHKI1 SKMX BU3HAYAIOTH
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Kpurepii omiHrOBaHHS TTTHOWHU IMOPYIICHD PYXOBUX (HYHKITIH

iL l L J L lmeproryc
OcHOBHi Kputepii JlonatkoBi Tonyc
PyXoBHX yHKIIiT KpHTepii I'imoronyc
KIHI[IBOK
C,Hn,a OyHKIIisS O1tigro-
:> M A318 :) HIKHBOT :) BaHHS
KIHIIIBKH X0
O0csr : A
:> pyxiB

:> MoXTHBicTh MIPOTH-
CTaBJICHHS JHCTallb-

- HOT (hanaHry BeJIuKo-
OuintoaH- IO MajbLs OCHOBI
HA QYHKIIT SHIIIX
TOHKO1
— MOTOPHUKH )
KHUCTI :> 33ruHaHHA HANbLIB y
KylaK

CXOIUTeHHS 1 yTpH-

— MyBaHHS IpeAMETiB

— (ocHOBHA QyHKIIs
KHCTI)

Puc. 3. THpopMaIiitHO-CTPYKTYpHA MOJIEIb OLIHIOBAHHS Ne(IlUTY pyXOBUX (DYHKITiH
3a KpUTEPIIMH

IHAMBiAyanbHy HOPMY BiZICYTHOCTI HOpPYILEHb, L0 € BAXXIUBUM IIpH (popMyBaH-
Hi 1HIUBITYaTbHOTO IUIaHY pealbiniTallii, 0OCOOJMBO CTOCOBHO TapameTpiB Ta
periaMeHTy MiOHEHPCTUMYIIALLIT.

Y HeBpOJIOTi4HIN NPaKTHULl CTYIiHb Nape3y NPHUB’A3aHUH A0 MeCTHOATBHOT
rpajamii eKclepTHOI OLIHKH MOPYLICHb PyXOBHUX (DYHKLIH, 1€ HAWTIpLIl MOKa3-
HUKHU NpuiiMaroTh 3HaueHHs 0 OaniB (mapainiv), a Halikpamn — 5 OaniB (BiaCyT-
HicTh nopylieHs). Ilape3 noaingerscs Ha TpyOuid (pi3ko BupaxeHui) — 1 Gau,
3HAYHUH (3HAYHO BUPa)KeHUN) — 2 0aiu, NOMipHUH (IOMipHO BUpaskeHHI) — 3
Oanu, nerkuii — 4 Ganu [5].

[Ipu 3acTocyBaHHI METOMIB EKCIIEPTHOTO OIIHIOBAHHA JAEDIIIUTY PYXOBUX
(GyHKLIN 3aCTOCOBYIOTHCS MeBHI mKanu. Ciig 3a3Ha4YMTH, IO 3 METOI0 (GopMy-
BaHHs IHTErpaJbHOrO KiJIbKICHOTO OLIHIOBAaHHA INIMOWHU MHOPYILEHb PYXOBHX
GyHKUIA NOUUIEHUM € BHOIp THX IIKal, SKi MalOTh OJHAKOBY HIECTHOAIBHY
CTYIECHEBY I'pajiallilo, i3 HACTYIHHUM iX NMPHUBEICHHSAM JI0 OJHAKOBOI CIIPSIMOBA-
HOCTI - Bij Halikpamoro (5 6ainiB) o Haiiripmioro (0 6ariB) moka3HHKA.

Tak, /Ui OWIHKK CHJIM M’SI3iB HAMM BUKOpHCTaHa MIecTHOAIbHA IIKasa
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(L. McPeak, M. Beticc) (tabn. 1) [10]. Sk Buano 3 Tabmumi 1, 1s mikana
MPUB’s3aHa 10 MIeCTUOAIBHOI rpajallii AediuuTy pyxoBux QyHKIIN 3a KpUTEpi-
€M «CHJIa M’f31B» Ta OXOIUIIOE YOTHPHOXOANbHYy Ipalalil0 CTYNEHIO Hapesy.
Jlyis oniHIOBaHHS 00CITy pyXiB Oyja oOpana mectudaibHa mkana H/I PAMH.
CroisspoBoi JI. (tabu. 2) [11]. OckiabKy 3aralbHONPUKMHATHA IIIKaJia OI[iHFOBAH-
HSl TJIMOMHU TIOPYILIEHb 00CATY pyXiB paHxyeTbes Bia 0 OaniB (BiacyTHICTH HO-
pylieHs) 1o 5 GamiB (IJIerisl), 3 METOI MPUBEACHHSA i€l KA IO OAHAKOBOI
crpsiMoBaHOCTI (Bif Halikparoro (5 6aniB) a0 Hairipmoro (0 0aniB) HOKa3HUKA)
y LKAy OLiHKHK 00CcATy pyXy HaMU BBEACHO MOHATTS "'mpuBeneHoro 6amy", ne 0
0aiiB 03HAyaE MIIErito, 5 6aaiB — BiIACYTHICTH MOPYLICHb.

Tabnuys 1. OniHIOBaHHSI M'SI30B0T CHJIN

CuiBBig-
, L . HOIICHHS
Ban M’s130Ba cHJIa ypa)KeHOT KiHI[IBKHU 3TiTHO LIKaIU (ypavkcenii / Crrymiisb napesy
L. McPeak (1996) ta M. Beiicc (1986) .
310pOBHI
M's13), %
5 Pyx y moBHOMY 00CsI31 IpH Aii CHIIM TSDKIHHSA 3 100 BincyrHicTh nopyuieHb
MaKCHMAaJIbHOIO 30BHIIIIHBOIO MPOTH/IEIO
4 Pyxy TIOBHOMY 06c;{31 npu bith CHIIH TSOKIHHS § 75 Terkuii
[P HEBEJMKIN 30BHIIIHIN MPOTHIIT
3 Pyx y noBHOMy 00cCsI31 pH Aii CUIIN TSDKIHHA 50 IMomipHuwuit
2 Pyx y noBHOMY 00CsI3i B yMOBaX pO3BaHTaKEHHS 25 3HauHuUit
1 BiguyTTs Hanpyru npu crpo0i JOBUIBHOIO pyXy 10 I'pyOuit
BincyTHICTh 03HaK Hampyry mpu crpoOi J0BUTb- 0 Ioeris
0 HOT'O pyxy
Tabauys 2. Ctyninb mopyueHHs odcsary pyxis [11]
Ban** Xapakrepuctuka pyxis (HAI PAMH) Cryninb napesy ban*
5 OGesr pyXy HoBHHit BincyTHicTh nopyuieHb 0
OO6csr pyxy mnoBHuil abo Maibke MOBHHH —
4 75-100 % Bin HOpMH; cuIla, CIIPUTHICTB, TEMI Jlerkwmii 1
3HWKEHI
Pyxu oOmexeni momipHo, crnabo nudepeHii-
3 HoBani, He3rpaOHi, ckinamarote 50-75 % Big TTomipuuit 2
HOpMH
e & o) o )
5 Pyx B o6ca31v25 50 % Big HOpMH, B OCHOBHO! EY— 3
My 100abHi
IpucyrHi Bkpaii oOMexeHi, I100aibHI PyXu N
! 10 25 % Bijx HOpMH T'py6uid 4
0 AXTHMBHHX PYyXiB HEMae [Tneris 5

* BU3HAYCHHsI OasIiB B OPUTIHANBHIN MIKAI1
** npuBeneHuit oain
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3a HuMH OIKaJlaM# CHJTa M’SI31B Ta 00CST PYXiB TOCHTIKYIOTECS OKPEMO ISt
MPOKCUMATIBHOTO BiIUTY BEPXHBOT KiHIIBKK (TUICUOBHH, JIKTHOBHH CYTiI00H),
JUCTAIBHOTO BiAATy BEpXHBOI KiHIIBKH (IPOMEHEBO-3all SICTKOBUH CYTiod),
MPOKCUMATIBHOTO BiJILTY HHXKHBOI KIHIIIBKH (Ta30CTETHOBHA, KOJIHHUAN CyTIo-

Ou), IUCTAILHOTO BTy HIYKHBOT KIHIIIBKY (TOMIJIKOBO-CTYITHEBUH CyTJ100).

OMuiHIOBaHHS TOHKOI MOTOPUKH KHCTI Ta XOIU 3MIHCHIOETHCS 33 JOMATKO-
BUMH KPUTEPISIMH, BIAMIOBIAHO /TSI BEPXHBOI Ta HIDKHBOI KiHITIBKH 3a IecTrOa-
JILHOIO IIKAJIOK PAH)KYBAHHS CTYICHIO BUPAKCHHS MOPYIICHUX PYXOBHUX (YHK-
miid (tabn. 3) [12, 3 aBTOpchkuMu mpaBkamu|. OTiHIOBaHHS 30epirae MmopsaoK
BiJl HAalBUILOrO MOKa3HUKA 5-Th OasliB MpH BiACYTHOCTI HOPYILIEHb 1O HaWHIXK-
yoro 0 6aiiB (1uteris).

Tabnuys 3. OuinloBaHHs PyXoBUX GYyHKUi BepXHbOI Ta HUKHBLOI KiHIIBOK 32 10aT-
KOBMMH KpHTepisiMH.

BepxHs KiHLlIBKa HwkHs KiHui-
(IUCTANBHUH BiIUIUT — TOHKA MOTOPHKA KHCTI) BKa
Bax | [lporu-cras- Cryninp
JICHHS 3ruHaHHA OcHOBHA pyx0Ba Xapakre- napesy
BEIIHKO-TO MajbLiB y Ky/laK (byHKLS KUCTI PHCTHKA XOAU
TIaJIBLT
Bincyt-
JHocsrae TloBHe . . eyT
5 - DyHKis 30epexkeHa be3 3min HICTb
OCHOBH BCiX 3THHAHHS ODYILICHE
HaIbLiB Py
30epeKeHO CXOIUICHHS
1 BTpUMYBaHHS TIpe- TIpu xoxi
Jocsrae Hosne METIB, JIOCTYIIHE HaKyJbry-
4 OCHOBH BCiX [R— CXOIIEHHS IPIOHAX BaHHS Ha Jlerkwuii
MasbliB npeameTiB TMapeTuIHy
(6e3 dynkuii HOTY
YTPHMYBaHHS)
Hesnaune Cewmi
Jocsrae . JlocTynHe BTpUMY- emima-
BiZICTaBaHHS .
OCHOBU BaHHJ IPEIMETIB, peTudHa . .o
3 JIHUCTAIBHUX . TlomipHuii
4-ro bananr 10 YCKJIaJHEHO CXOILJICH- (manieHT
TanbIs A Hs1 JpiOHUX MpeMETIB TATHE HOT'
JIOJIOHI P P Y)
. . Mox1Be CXOIIEHHA
Jocsrae ITomipHe Bin- . upxym-
BEJIKHX TIPEIMETiB
OCHOBHU CTaBaHHS BH- nytoda abo .
2 0e3 TpuBaoro . . 3HayHui
3-ro CTaNbHUX (a- S . reMimieriyna
. 1 MiIHOT O iX
TIaIbIT JIaHT JI0 JOJIOH] xo1a
YTpPUMaHHS
Hemosxnuse cxoruien-
. I'pybo
Hs 1 BTPUMAaHHS SIK
3HauHe oOMe- L MopyIeHa,
BEJIMKUX, TaK i Apio-
Jocsrae JKEHHS 3TUHAH- . poXo-
. HUX NIPEAMETIB, 30e-
OCHOBHU HS, BiICTaBaH- . JDOKEHHS .
1 PEeKeHa IONOMIKHA . I'pyOuit
2-ro HS JUCTAJIBHUX (ymKuis — mixrpH KiJbKa
TanbLst (ananr e P KPOKIB 3
. MyBaHHS .
JI0 JTOJIOHI . MiATPUMKOIO
1 IPUTHUCHEHHS Ipea-
. a0 omoporo
MeTiB
IpoTucras- 3ruHaHHsA Hemoxnuse -
- . CamocriitHO .
JICHHS ajbliB CXOIUIEHHS 1 BTpUMY- Ilneris
0 . HE XOIUTh
HEMOXKITBE HEMOJKJIVIBE BaHHS [IPEIMETIB
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BusnaveHi kpuTepii OI[iHIOBaHHS TNIMOMHU PYXOBUX MOPYIICHB ISl PI3HUX
BIJUIIIIB BEPXHBLOI Ta HW)KHBOT KiHIIIBOK OILIHIOIOTHCS y 0anax Jjisi M’sA30BOI CH-
JIM, TOHKOT MOTOPHUKH ¥ XOIH 3a MPUBEICHUM OajoM AJisi 00csry pyxiB Ta 3icTa-
BJISIFOTHCS 31 HIKAJIOK THHAMIKU Hape3y.

OcobmuBoro 3HaueHHs HaOyBa€e KiIbKICHE OIIHIOBAHHS JEQIIUTY PYXOBHX
({YHKLIH TOHKOI MOTOPHUKH KHUCTI IPH LIIECHPSIMOBAHOMY TPEHYBAaHHI MOTOPH-
Ku A5 BimHOBIEeHHs MoBJieHHs [13]. Lle Hagae MOXIMBICTH MOCTiKYBaTH Ta
MOPIBHIOBATH JMHAMIKY BiIHOBIICHHSI PyXiB TOHKOT MOTOPHKH YPa)KeHOI KUCTI 3
BiTHOBJICHHSIM MOTOPUKM MOBJICHHS IPU MOTOpHiIH ab0 MOTOPHO-CEHCOpHI
acdasii micis iHCYJBTY 332 METOJUKOIO OLIHIOBAaHHS MOTOPHHUX 1 CEHCOPHHX IIO-
pyuieHs MoBJeHH [14].

st OIiHIOBaHHSI TOHYCY M’SI31B y KJIIHIYHINM MPAKTHII 32CTOCOBYETHCS MO-
mudikoBana mkana Amdoprt [10, 11], axa mae mectucTyneHeBy rpagaumito. Lls
IIKaJla OpiEHTOBaHA Ha OI[IHIOBAHHS TOHYCY M s13a y BUTIAJIKY HOTO ITiJIBUIIICHHS,
TOOTO y HANPSMKY TilepToHycy (cmacThkH) (Tadi. 4).

OCKiIBKH TOHYC M’SI31B Y MOCTIHCYJIBTHUX XBOPHX € BETMYWHOIO HEMOCTIM-
HOIO 1 MOX€E KOJIMBATHUCS BiJI TiNO- JIO TIlIEPTOHYCY, IIel KPUTEPiil He BXOUTH B
IHTErpaibHy KUIBKICHY XapakTepUCTUKY TIMOMHU PYyXOBHX IOpPYILICHb, ale Be-
JUYMHA TIMEPTOHYCY TaK CaMo SIK 1 TIMOTOHYCY Ma€ JIiarHOCTUYHE 3HAYCHHS TIPU
CTBOPEHHI MporpamM MiOHEHPOCTUMYJISAIII B iHJMBIlyadbHOMY IUIaHi peadimiTa-
LiHHUX 3aXOIiB Y XBOpUX Micis iHCYNnbTy. Po3pobneHHs mecTrbanbHOl MmKaan
paHKyBaHHsI CTYIIEHIO TIlIOTOHYCY Y XBOPHX IICJsl 1HCYJBTY € MPEIMETOM Ha-
IUX MOJAIBIINX JOCIIIKEHD.

Tabnuys 4. ONiHIOBaHHS TiNepTOHYCY ypaxeHol KiHIiBKH.

Ba* XapakTepucTuka M’sI30BOrO TOHYCY Barn* Cryninp
(3rigao MonudikoBaHoi mkanu Amidopr) napesy
o . BiacyrHicth
0 M’s130BH# TOHYC O€3 3MiH, HOpMa 0 T
MOpyIIeHb
Jlerke nifBUILIEHHS M SI30BOTO TOHYCY, IO
BiAY4yBa€THCS NP 3TUHAHHI 400 PO3THHAHHI .
1 JHYBAETLCA TIp . p 1 Jlerkwmii
CEerMeHTa KiHIIBKH y BHTJISAI1 HE3HAYHOTO OIOPY
B KiHIII pyXy
He3nayne nizBuILIEHHS M S30BOr0 TOHYCY Y
2 BUIJISIII CHPOTHBY, 1110 BUHUKAE TTiCJIsI BAKOHAH- 1+ TlomipHuii

HsI He MEHIIIE TI0JIOBHHHM 00’ €My pyXiB

ITomipHe HiJBUIEHHS M S30BOI'0 TOHYCY, IO
3 BHUSIBJIAETBCS BIIPOJIOBXK BCHOI'O PyXy, ajle HE 2 3HauHMH
YCKJIaJJHIOE BUKOHAHHS ACHBHHUX PYXiB

3HayuHe MiIBUILEHHS M’SI30BOT0 TOHYCY, 110

. 3 I'pyownit
YCKJIaJHIO€ BUKOHAHHS TTaCHBHUX PyXiB

VpaxkeHni cerMeHT KiHIiBKH 3aikcoBaHUH Yy
5 TIOJIOKEHHI 3rHHaHHA a00 PO3THHAHHS — CIiac- 4 Ilneris
THKa. Pyxu HemoxiuBi

* BU3HAYEHHS TOHYCY M’s3a B OpPUTiHAJIBHIN LIKai
** npuBeneHuit 6an
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INTErPANbHA KINbKICHA OUIHKA E®EKTHBHOCTI PEAGINITAIT PYXIB MICAA IHCYNBTY

[Ipumnyckatoun, o0 BCi KpuTepii piBHO3HAUHI, BpaXOBYIOUH, 10 KPUTEPii Xapak-
TEPU3YIOTh CTYIIiHb (IWHAMIKY) TIape3y, iX 3ICTaBJICHHS y BiAMOBITHUX BiJaiinax
(¢opMye IHTErpayibHy IIKaTy KUIBKICHOI'O OIIIHIOBaHHS TJIMOMHU PYXOBHUX IIO-
pYLIEHB 3 iHTepBajaMy y Oanax BiIIOBITHO 10 JUHAMIKH Iapesy.

JIng KiTbKiCHOTO OIHIOBaHHA Ae(PIiUTy pyXoBUX (DYHKIH KOXKHOTO BiIi-
JIy BEPXHBOI Ta HMXKHBOI KIHIIIBOK, IO JOCIIKYIOTHCS B Mpolieci peadimiTarii,
chopMoBaHi BiIOBiAHI KPUTEPIi OLIHIOBAHHS IMTUOWHHU PYXOBHUX ITOPYLICHb:

1) mis BepXHBOI KiHITIBKU:

1.1) mpoKCHMaNbHUIM BIIT — OKPEMO ITUICUYOBHU 1 JIKTHOBHH CYTIIOOH:
cuiia M’s13iB, 00CAT PyXiB;

1.2) nucranpHUIA BiJIiT — MPOMEHEBO-3aIl’ ICTKOBHIA CyTiIo0: cuiia M’s3iB,
00CsIT pyXiB;

1.3) aucranmpHU BiAJMIT — TOHKAa MOTOPHKA KHCTi: (YHKIS MPOTHUCTAaB-
JICHHS BEJIMKOTO ManbLis, QYHKIisl 3THHAHHS NaJbLIB Y KyJaK, OCHOBHA (PYyHKIIis
KHCTI;

2) /I HWOKHBOT KIHI[IBKH:

2.1) mpoKcUMaNbHUN BIIJT — OKPEMO Ta30CTEIHOBHM i KOJNIHHHN CYTJIO-
Ou: cuna M’s131B, 00CAT PyXiB;

2.2) nucTaNbHUN BT — TOMIIKOBO-CTYITHEBHI CYTJI00: cujia M’s3iB, 00-
CSIT PYXiB;

2.3) dyHKUiOHANTbHA XapaKTEPUCTHKA XO/IH.

3icTaBieHHs KpUTEPiiB MOKa3ye, 10 MaKCHUMaJIbHA CyMapHa OIliHKa B Oanax
JUTSL BIUIUTIB 13 IBOMa KPUTEPIsIMU CTaHOBUTH 10-Th OaiB, UIsl BIAAUTY 3 TpboMa
KputepissMu — 15-Tb 0amiB, A BigAiLy 3 OTHUM KpuTepieM — 5-Tb OamiB. Lle
HaMBHI TOKA3HUKHU IHTErpajbHOI KiJIbKICHOI OLIHKH e(eKTUBHOCTI pealimita-
11, pe3yJITATOM SIKOi € BIJICYTHICTh MOPYIIeHb PyXoBUX (PyHKIIH. BinnosigHo,
y BCIX BHIaJIKax IUIeris (mapaniv) oniHeTbes B 0 Gais.

InTepBany 3MiHM BHOpaHUX KPUTEPIiB AJS PI3HUX CTYNEHIB Mapesy 3ampo-
MOHOBAHI 13 TPUHIIMIY, IO TPU OLIHIOBAaHHI KOXXHOTO CTYIEHIO Mape3y IS
KOXXHOT'O BIJUIUTY KIHI[IBOK 3a/isiHa BiJNOBIIHA KUIBKICTh KpuTepiiB. [ Bimmi-
JiB KIHIIBOK 13 JBOKPUTEPIaIbHOI CHCTEMOIO OIIIHKH MOPIT MOSBU MATONOTid-
HUX TPOIieciB ( TIOSBH JIETKOTO Mape3y) MOYHHAETHCS 3 9-TH OaiiB, IS BB
KIiHIIIBOK 13 TPHKPUTEPIaIbHOIO CUCTEMOI0 — 3 14-TH OaltiB.

InTerpanpHa KibKicCHa XapakTepUCTUKA TIIMOMHN PYXOBHX MOPYLIEHb MiCIIs
IHCYJIBTY B MEXax JUHaMiKu nape3y oxorunoe npokcumaneHi (1) i auctansai (IT)
BIIIUIM KIHIIIBOK, SIKI B CBOIO YEPry OXOILIIOIOTH Pi3HI CEKTOPH IOCIIIKCHb
MPOKCUMAJTIBHUX 1 IUCTATbHUX BIJILIIB KiHIIBOK (Tabm. 5). TyT cexropu mpok-
CHUMaJbHOTO: A — MJe4oBU# cyrino0, B — nikTeoBHI Cyriio0 i JUCTANBHOTO:
C — mpoMeHeBo-3aI’ ICTKOBUI cyrno0, D — ToHKa MOTOpUKa KUCTi BiAJILIIB
BEPXHBOI KIHI[IBKH Ta CEKTOPHU MPOKCHUMaIbHOTO: E — TazocTerHoBuii cyrioo,
F — xoninnHu#t cyrno6 i aucranbHOro: G — roOMIiJIKOBO-CTYNHEBHUH Cyrio0, a
takox H — xoma. OmiHka X011 3a JOJAaTKOBUMH KpuTepismu (Tabm. 3) Mae Ba-
JKJIMBE 3HAYCHHS, OCKUIBKM JIOJIA€ JI0 XapaKTePUCTUK M’A30BUX (DyHKIIIH B pi3-
HUX CYTJ00ax ypa)xeHoi HMKHBOI KiHI[IBKH TaKy BaXKIUBY XapaKTEPUCTHKY, K
KOOpAWHALISA PyXiB XOIH, Y3TOMKCHHS M S30BUX PYXiB ypaskeHOI HWKHbBOI KiH-
IIBKHU 31 M’SI30BUMH PyXaMH 3JI0POBOT HUKHBOI KiHI[IBKH.
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®dopMyBaHHSI KUTBKICHOT IHTETPaibHOI XapaKTEPUCTHKH TITHOMHUA PYXOBHX
MOpYIIEHb Ja€ MOXIJIMBICTh CTBOPCHHS OUIBII TOYHOI rpajaiiii BiJHOBJICHHS
pyxoBuX (YHKIIH Ta 3MEHIICHHA MOXHUOKM eKCHEepTHOI OLIHKH HpHU
Cy0’€KTUBHOMY OI[iHIOBaHHI.

EdexTuBHIicTh peabiiTalii oI[iHIOBaIach 32 YOTUPMA TpajallisasMu: 0e3 3MiH,
HEe3Ha4YHe TMOKpPAIICHHS, TOKPAIIeHHs, 3HaYHe TOKpalleHHs. ToMy BiaIOBiIHO
10 1HTerpajgbHOI KUIBKICHOI XapaKTEpPUCTHKH OLIHIOBaHHS TIIMOMHU PYXOBUX
MopyIIeHs (Tabi. 5) KUTbKiCHE OIliHIOBaHHS €(EKTUBHOCTI MOMAETHCS Hepes3
pi3HHUITO OalliB, OTPUMAHUX y KOXKHOMY BiFIiJIi KiHIIIBOK JIO 1 micisl peabimiTarmii
JUISL OTHO-, JIBO- 1 TPUKPUTEPialbHOI CUCTEMH OIIHKH. 3arajabHa CXema OIliHIO-
BaHHS €()CKTUBHOCTI pealOimiTamii XBOpUX IICIs 1HCYJIBTY MpeacTaBicHa ¢op-
MyJoro (*):

A=A —-A (*)

e A1 — Oanwm 1o peabimiTarii, A2 — Oanu micns peabimiTarii, A — pi3HUIA
0aJiB, sika OKa3zye eeKTUBHICTH peadinmiTamii.

Posmoain rpananiit eeKTUBHOCTI AJIs BIAIUNIB, B SIKUX OLIHKA BiZlOYBA€Th-
csl 3a OTHUM, ABOMa a0 TpboMa KPUTEPisIMU NPEACTaBIeHUH B Ta0I. 6.

I3 3acrocyBaHHSAM [aHO! iHTErpajbHOI KUIBKICHOI XapaKTEPUCTHKH OYio
JOCII/pKEeHO 43-1 malieHTa micis iMeMiqHoro iHCynbTy. 3 HUX 26-Th — y paH-
HBOMY Tiepiofi, 17-Tb — y pe3uayanbHOMY Tiepioni. Y Tabn. 7 moka3aHa y3a-
rajbHeHa e(eKTUBHICTb BiIHOBICHHS PYXOBUX (DYHKLIH y XBOpHX IicCIs iHCY-
JIBTY IS TPOKCUMAJIBHOT'O 1 JIUCTAIBHOTO BiUIIB BEPXHBOI Ta HIKHBOT KiHIII-
BKH B 1iomy y panabomy (I) Ta pesunyanpromy (II) BimHOBIIOBaIEHHX TIEpi-
onax. EQexTHBHICTh BiTHOBIIEHHS BU3HAYCHA i3 BUKOPHUCTAaHHAM Ta0lI. 6.

Tabauys 5. InTerpajbHa KiTbKicHa XapaKTepPUCTHKA IJTUOUHU PYXOBHX MOpPYIIEHb Ta
JUHAMIKH CTyNeHI0 mape3y micJsi iHCyabTy.

CryniHs CyMapHe OLiHIOBaHHS B 0ajiax 3a KPUTEPIIMH
napesy BepxHnst kiHIiBKa HuoxHsa KiHIiBKa
(rmubuna
PYXOBHUX 1 1I 1 I
TIOPYIICHB ) H
A B C D E F G
BIJICYTHICTb
HOpYILIEHb 10 10 10 15 10 10 10 5
JIETKHUi mape3 7-9 7-9 7-9 10-14 7-9 7-9 7-9 4
[OMIPHIH 56 56 56 79 | 56 | 5-6 56 3
napes
SHATHHH 34 34 34 46 | 34 | 34 34 2
napes
rpyouii napes 1-2 1-2 1-2 1-3 1-2 1-2 12 1
Eneris
(mapasiv) 0 0 0 0 0 0 0 0
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Tabruys 6. OninBaHHs e()eKTUBHOCTI BiTHOBJIEHHSI PYXOBUX (PYHKIiH y XBOPUX IicJIsi
iHCYyaBTY.

OrintoBaHHs epeKTUBHOCTI peabimitarii, A Gaiis

I'panauii edekTMBHOCTI OJTHOKpHUTEpiaIbHa JIBOKpHTEpiaibHa TPUKpHUTEpiaabHA
cucrema cucrema cucrema
(£ =5 GauiB) (£ =10 6amnis) (£ =15 6amnis)
3HaYHE MOKPALICHHS >3 >6 =17
TTokpamenss 2 3-5 4-6

H

€3HaYHe MOKpaICHHS ] 1_2 -3

Oayu
Bbe3 3min 0 0 0

OrineHa epeKTUBHICTD pealiiTalii HamieHTIB MCHIs IHCYJIBTY MiATBEpANIA
Kpallle BiIHOBJICHHS pyXOBUX (DYHKILIN caMme y paHHIHM BiJHOBIIOBAJILHUHN MEpiox
13 3aCTOCYBaHHSM TPOTpaM MiOHEHPOCTUMYIISILIT Ul TPEHYBaHHS PYXiB 3a TeX-
Honoriero Tpenap®. BiicOTOK HE3HAYHOTO TIOKPALIEHHS y BiTHOBICHHI POKCH-
MaJIBHOTO BiJILTy Ta TOHKOT MOTOPHKH KHCTI BUILUH y pe3uayaabHOMY Nepiofi,
HDK y paHHbOMY miepiofi. OCTaHHE MATBEPIKY€E CIIOCTEPEKEHHs 0araTbox KiIi-
HIIKCTIB PO Te, IO YUM OilIbIlIe Yacy MPOXOAUTH BiJf MOMEHTY 1HCYJbTY, THM
MEHIIa HMOBIPHICTh OTPUMATH MO3UTHBHUN pe3yibTaT MpU MpPOBEIEHHI peali-
JMTAlifHAX 3axoAiB. Tak camo, BiZICOTOK 0e3 3MiH y pe3uAyalbHOMY Mepioii
HabaraTo MepeBaXkae BiCOTOK 0€3 3MiH y paHHbOMY. 3a pe3yJIbTaTaMu 3a3Have-
HO, 110 Y PAaHHBOMY TEPi0/ii BiICOTOK 3HAYHOTO ITOKPAIIEHHS BiJIHOBICHHS ITPO-
KCHMAaJIFHOTO BiAilly BUIIMH 3a BiICOTOK 3HAYHOTO MOKPAILCHHS BiAHOBIICHHS
IO0ATBHUX PYXIB TUCTAJIBLHOTO BiAJLTY, ajle MEHIIHMKA MOPIBHSIHO 13 BiHOBJICH-
HSIM TOHKOI MOTOPHKH KHCTi. ['T00anbHi pyxu JUCTANBLHOTO BTy Y 3HAUHOMY
MOKpAILEHH] MOCTYNAIOThCs BiAHOBICHHIO TOHKOT MOTOPUKH KHCTi. Takox Bif-
MIY€HO, II0 Y PaHHBOMY Mepioni BiACYTHICTH edekTy peaOimitamii (0e3 3MiH)
OliIbIIIe OB’ A3aHa 3 BIKOM IIAIli€HTIB.

3pobuieHi morepeiHi BUCHOBKH BIIHOCHO OTPUMaHOi epeKTUBHOCTI peabi-
JiTarii pyxiB BEpXHIX 1 HIXKHIX KIHI[IBOK, IPOKCHUMAJBHHUX 1 JUCTATBHUX BiIIi-
JIiB MOTPEOYIOTh PETEILHOr0 00pOOJICHHS OJaepKaHOi iH(popMarlii Ta OLIHKK 1T
JOCTOBIPHOCTI 3 BUKOPUCTAHHSM HACTYITHIUX METOJIB OOpOOIICHHSI JAHUX:

1) MeTomu OMMCOBOI CTATHUCTUKH, SKI BKIIOYAIOTh BU3HAUCHHS CEpEIHIX
3HA4Y€Hb, CTAHAAPTHOIO BIIXWJICHHS, MAaTEMaTWYHOTO CIIOAIBAHHS, PO3KHIKY
3HAYCHB;

2) t-xpurepiit CTbIO/IeHTa 711 BU3HAYCHHS JOCTOBIPHOCTI BiIMIHHOCTI MiXk
JIBOMa HE3aJIC)KHUMH TPYIaMH JIOCIIIPKYBaHUX OCIO, IO JTa€ MOMJIHMBICTH OIli-
HUTH JIOCTOBIPHICTh BUKOPUCTAHUX KPUTEPIiB OI[IHIOBAHHS PyXOBUX MOPYIIICHB;

3) kpuTepiii BinkokcoHa Ui epeBipKky TOCTOBIPHOCTI BiZIMIHHOCTI TIOKa3-
HUKIB BCEpPEIUHI OJHI€T IPyNU JOCHIHKYBAaHUX 0Ci0 Ha Pi3HUX eTamnax JIiKyBaH-
Hsl, IO JIa€ MOKJIMBICTh OIIHIOBATH JIMHAMIKY Tepe0iry peadimiTarrii;

4) MeToaM KOPEIAIii JUIsl aHaji3y 3B 3Ky MK IIKaJaMH Ta aHali3y 3B 3Ky
BiTHOBJICHHS KHCTi Ta BiIHOBJICHHS MOBJICHHSI.
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Tabauys 7. Y3aranbHeHa e)eKTUBHICTH BiTHOBJIEHHSI PYXOBUX (PYHKIIiH y XBOpUX
micJs iHCYJIBTY.

Bepxwst kiHIiBka

JlucTanpHuil Biaain HiokHs KiHIIBKa
i T “
HoCTi MaJIbHHI Bigin TnoGanski pyxa Tonxa MOTOpHKa
KHUCT1
I )| I I I I I )|
3uadne 2% | 0% 8% 0% | 27% | 0% | 23% | 0%
HOKpaH_[eHHﬂ
Toxpa- 34% | 11% | 38% | 11% | 23% | 11% | 27% | 16%
IIEHHS
He3naune
Tokpa- 2% | 57% | 38% | 37% | 38% | 47% | 46% | 2%
LICHHS
Be3 amin 12% | 32% | 15% | 53% | 12% | 2% | 4% | 2%

[TigTBepmKeHHs TIOCTOBIPHOCTI Pe3yJIbTaTiB JUHAMIKHU repediry peadiniTa-
wii, AKi OTPUMAHO B Pe3yJbTaTi MONEpeaHbO1 KIiHIUHOI anpobauii po3podiaeHol
METOJIMKH KUIbKICHOTO OI[IHIOBaHHS Je(ilUTy pyXOBUX (QYHKIIH y XBOPHX ITic-
s IHCYJBTY, HaJacTh IJICTaBy PEKOMEHIYBAaTH IO METOJUKY IS
00’ekTuBi3aLil AuHAMIKK mepeliry peabimiTauii Ha Pi3HUX BiAHOBIIIOBATBHUX
nepionax. B cBoio uepry, 0o0’eKTHBHA OLIiHKa AMHAMIKM mepediry € OCHOBOIO
(dhopMyBaHHsI Ta KOPEr'yBaHHS IHIAMBIAYyaJIbHOTO IUIAHY BITHOBJCHHS HE TUIBKH
PYXOBUX, aJie i MOBJICHHEBHUX (PYHKIIIH MiCIIs iIHCYIBTY

Po3po0ieHo METOAMKY KiNbKICHOTO OLIHIOBaHHS Ae(IiUUTY PyXOBHX (QYHKIIH
(rmOMHM PyXOBHX MOPYLIEHb) Y XBOPHUX Hicisl 1HCYIbTY Ha 0a3i €KCIEePTHOrO
OLIIHIOBAHHSI 32 OCHOBHUMH Ta JIOJATKOBUMH KpHUTEpisiMU. [ 0JIOBHUMHU 0COOITH-
BOCTSIMH METOJIUKH €:

* BBEJICHHSI OKPEMO] KiIbKICHOI OLIIHKH ypa)KeHUX HIDKHBOI 1 BEPXHbBOT KiH-
IBOK, X MPOKCUMAJIbHUX 1 TUCTAJILHUX BiJUIUIIB, 32 OCHOBHUMH KPUTEPIIMHU, HA
0a3i akux GopMyeThcs iHTErpanbHa KUIBbKICHA OIIHKA TITUOWHHN PYXOBHX TOpY-
LIEHD KIHIIBOK;

* BBEJICHHSI JIOJJATKOBUX KPUTEPIiB JUIs OI[IHFOBAHHS PyXOBHX (DYHKIIIH TOH-
KOT MOTOPHKH KHUCTI;

* BBEJICHHS I0JaTKOBUX KPUTEPIiB IS OLIHIOBAaHHS X011

* BU3HAYEHHS 1HAMBiAyanbHOI HOPMH BiJICYyTHOCTI MOPYIIEHB: EKCIIEPTHE
OIIIHIOBaHHs yPaXCHUX KIHIIIBOK IMPOBOAMTHCSA MO BIAHOIICHHIO JO BJIACHUX
3I0POBUX KiHIIBOK Malli€eHTa, pyXoOBi (YHKLIl SKUX XapaKTepU3ylOTh iHANUBIAY-
aJIbHY HOPMY BiJICYTHOCTI MOPYIIEHB;

* yHi(piKaIlisl KUTbKICHOTO OIIHIOBAaHHS CTYIECHIO BHPKEHHS Ne(ilUTy pYy-
XOBUX (YHKIIIH: yCi MIKaMHM KiJbKICHOTO OIIHIOBaHHS 3a yCiMa KPHTEpPiIMHU Ma-
I0Th OJITHAKOBY ILIECTHOANBHY CTYNEHEBY IPaJallilo 3 OIHAKOBOI CHPSMOBAHICTIO
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BiJ Halikpamoro (5-Tb 0asiB, BiICYTHICTh TOpYIEHb) 10 Hairipmoro (0 Gais,
IIJIETIs) MMOKa3HKUKA C IPUB’A3KOI0 JI0 CTYIIECHIO Tape3y.

[lepeniyeni BimMiHHOCTI PO3POOIIEHOT METOIUKH HATAIOTh MOXKJIUBICTb:

* OIIHIOBATH 1 3ICTABJIATH mepedir JUHAMIKY BiJIHOBIICHHS PyXiB BEPXHIX i
HUKHIX BIJJIUIIB, IX TPOKCUMANIBHUX 1 TUCTAIBHUX BIIIIIIB

* 3MEHIINUTH NOXUOKY BU3HAYCHHS MIMOMHU PYXOBHUX MOPYLIEHb Y BiIMOBi-
JTHUX BiJIiIaX BEPXHBOI Ta HIKHBOI KiHIIBKH, & TAKOXK TOHKOT MOTOPUKH KHUCTi
y MAIi€HTIB MicIs 1HCYIbTY;

* CTBOPHUTHU OiNBII TOUHY Ipafamilo BiIHOBICHHS PYXOBUX (PyHKII Ta 3Me-
HIIATH MOXUOKY mpu (OpMyBaHHI KUIBKICHOI iHTErpajibHOI XapaKTEPUCTHKH
TITUOVHYU PYXOBUX TOPYIIEHb YPaKEHUX KiHIIIBOK;

* JOCJIJPKYBAaTH Ta 3iCTaBIISATH JMHAMIKY BiTHOBJCHHS PYXiB TOHKOI MOTO-
PHUKH ypa)K€HOi KUCTi 3 BiIHOBJICHHSIM MOTOPHKM MOBJICHHS P MOTOpPHii abo
MOTOPHO-CEHCOpPHil adasii

* OIIIHIOBATH Iepedir TUHAMIKH BiIHOBJICHHS M SI30BHX PYXiB y TPOKCHMa-
JMBHUX 1 TUCTAIFHOMY BiIJIiIaX HUKHBOI KiHIIIBKH 1 3ICTAaBIIATH IIi TTIOKa3HUKH 3
OIIIHKOI0 XOJW 3a JOAATKOBUMH KPUTEpisIMH, sKa B TEBHIA Mipi BimoOpaxae
MOPYIIEHHS] KOOPIUHALIT M’ SI30BUX PYXIiB ypasK€HOI HHKHBOI KIHIIIBKH 31 3710-
POBUMH.

Po3pobnena MeToauka npoiia MONEPEAHIO KIiHIYHY anpoOarito mpu 1o-
CJII/DKEHHSIX JIMHAMIKY BiJIHOBJICHHSI PYXiB IICJIS IHCYJIBTY 32 HOBOKO TEXHOJIOTI-
€10 TpeHyBaHHs / BimHOBIeHHs pyxoBux (yHkuii TPEHAP®. Pesynprartn an-
poOartii maTBepIuIH 3a1eXKHICTh e(heKTUBHOCTI peadimiTaliii Bij nepioay micis
IHCYJIbTY, @ TaKOXX HEPIBHOMIpHICTH mepeliry AuHaMiku AedimuTy M’sI30BHX
(YHKIII# BEpXHIX 1 HIDKHIX KiHIIIBOK, IX MPOKCUMAJIBHUX 1 TUCTAJILHUX BiIUIIB.

Po3pobnena meTonuka KUTBKICHOTO OIIHIOBAHHS BiJHOBJICHHS PYXOBUX
(yHKIIIH € OCHOBOK iH()OPMAIIHHOTO CYNPOBOKEHHS JTOCIHIKeHb IWHAMIKH
BiJTHOBJICHHS PyXiB BEPXHiX 1 HWKHIX KiHIIBOK, IX MPOKCHUMAIBHUX 1 JHCTAIlb-
HUX BIIJIUTIB, OI[iHFOBAHHS €(PEKTHMBHOCTI peaOlTITAllIfHUX MPOIECIB XBOPHUX
micyisl iHCYNbTY, @ TaKO)X OCHOBOIO CTBOPEHHS 1 (yHKIIOHYBaHHS MOOITBHUX
3aco0iB iH(OpPMaLiHHO-KOHCYIBTAIIfHOT MIATPUMKH JIiKaps NP BU3HAYCHHI
1HIMBIMyaIbHUX IUIaHIB pealiiiTaiii XBoporo mcis iHCYJIbTY Ha Pi3HUX BiIHO-
BHUX IepioJiax.
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INFORMATION SUPPORT OF RESEARCHES ON THE DYNAMICS
OF MOVEMENT RESTORATION AFTER THE STROKE

Introduction. The results of clinical testing of the innovative technology TRENAR® con-
firmed its effectiveness in motor and speech recovery after a stroke. The main advantage of
the technology that enables a more efficient motor and speech recovery is advanced training
programs, based on different methods. This allows one to select individual approach to the
rehabilitation process. In order to determine a personalized recovery plan it is necessary to
develop criteria to quantify motor recovery dynamics.

The purpose of the research is to determine criteria for separately quantifying recovery
dynamics in proximal and distal parts of the upper and lower extremities, as well as to per-
form an integral quantitative assessment of the severity of motor function disorders after a
stroke.

Results. The method for quantitative estimation of the effectiveness of motor function
rehabilitation after a stroke was developed.

One special feature of the technique is separate quantitative assessment of the motor
function deficit dynamics of the affected lower and upper extremities, their proximal and
distal sections, including fine motor skills, according to basic and additional criteria. The
technique allows us to study the contribution of these indicators to the integral quantitative
evaluation of the effectiveness of motor recovery during rehabilitation process. The technique
has successfully passed pilot clinical trials during the studies of motor function recovery
dynamics after a stroke when innovative technology TRENAR ® for motor training / recovery
was used. It is intended for informational support of medical decision-making when devising
an individual plan for the rehabilitation of motor and speech functions after a stroke.

Conclusion. The method for quantitative assessment of motor function recovery dynam-
ics forms the basis for assessing the effectiveness of rehabilitation processes in patients after
a stroke and for developing individual plans for rehabilitation. It serves as the digital informa-
tional support for physicians and will be essential for developing mobile applications for
smartphones and tablets that can be used during the rehabilitation process.

Keywords: quantitative assessment, criteria, rehabilitation, effectiveness, stroke, motor
functions, speech, disorders.
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THE DECISION SUPPORT MODEL FOR FORECASTING
OF WOUNDED AND SICK RESTORATION IN HOSPITAL
CONDITIONS BASED ON PSYCHOPHYSIOLOGICAL DATA

Introduction. The psychological unpreparedness, non-coping fear with the responsibilities,
feeling guilt to the dead, striving to survive in terms of destruction and deaths of others, ex-
treme strain of duty, violations of food recreation and other harmful factors of duty undoubt-
edly reduce the human adaptive reserves and lead to non-constructive changes of behaviors
and disadaptation syndrome that need their assessment for further rehabilitation treatment
requirement.

The purpose of the study is to elaborate the decision support model for medical recovery
assessment by estimation of functional state of wounded and sick persons during their
treatment in hospital conditions to substantiate the necessity of a further rehabilitation.

Materials and methods. There were selected two groups of 2545 ages’ men: I group —
30 persons that got mild traumatic brain injury (mTBI) during the 2014-2015 years and had
comorbid somatic pathology, the II group — 30 people who had only therapeutic pathology.
The assessment of functional state (FS) was based on heart rate variability (HRV) and
electroencephalography (EEG) data before and after their rehabilitation treatment.

Results. The features of patients recovering based on the study of EEG and HRV charac-
teristics were significantly worse according to the functional state (FS) of individuals that had
mTBI (only 23,3 % of positive dynamics) comparing with others (83,4 %;
p <0,001). There were described structural features of three types of EEG phenomena, which
occur in patients with mTBI. The analysis of interrelations of EEG and HRV data addition-
ally confirms a slow recovery of FS of patients with mTBI. The physiological value of FS
regulation was the highest among individuals that had mTBI.

Conclusions. The decision support model for assessment of human recovery potential by
evaluation of functional state of wounded and sick persons allows quantitatively predict the
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need for further rehabilitation after the hospital treatment. It was shown that application of
EEG and HRV hardware during rehabilitation of combatants in hospital conditions allows to
evaluate a specific morphological defects and the degree of human rehabilitation potential.

Keywords: rehabilitation potential, participants in anti-terrorist operations, functional state,
heart rate variability, electroencephalography .

INTRODUCTION

The number of Ukrainian citizens and military personnel who need rehabilitation
is growing up due to the non-stable situation in Ukraine, especially in its eastern
part, where Anti-Terrorist Operation (ATO Zone) is conducted. The moral and
psychological unpreparedness, a distress among military personnel that cannot
be coped, striving to survive in terms of destruction and death of others, extreme
tension of labor, violations of food and recreation and other harmful factors of
work with no doubt reduce an adaptation reserves and cause non-constructive
behavioral changes and disadaptation syndrome.

It is well known that health is a dynamic phenomenon so it needs monitor-
ing. Hence, the "functional state" (FS) is widely used for detecting subtle
changes in health indicators [1, 2, 3]. The definition of "functional state" can be
used to characterize the functioning of certain organs, physiological systems and
the whole body. "Interaction of spatially distributed dynamic processes that oc-
cur in the central nervous system (CNS) and in the whole body eventually de-
termines the wide-ranging classes of psychophysiological phenomena that can
be qualified as a "state" [4].

The existing methods of monitoring of rehabilitation effectiveness are
usually based on different physical activity samples [5]. However, the presence
of complex pathology among the ATO participants (combination somatic
injuries and mental disorders) often makes the performance of such tests
impossible. Therefore, there is a need to use other effective measures to
comprehensively take into account many changes in human FS without the
physical activity usage.

One of the most common methods of human brain investigation is
electroencephalographic (EEG) study. Generally recognized criteria of dynamics
of CNS FS is frequency-amplitude characteristic of brain biopotentials. For that
reason, the stability of the dominant alpha rhythm is considered as indicator of
optimal brain function. The EEG desynchronization reflects on the increasing of
brain excitability and lability, growing the activation process up. Conversely, the
growing synchronization of bioelectrical activity with increasing amplitude and
decreasing frequency of the dominant brain rhythm indicates a reduction of brain
functions [1, 6, 7, 8].

Due to the neurohumoral and autonomic regulation of the circulatory system
as an important part of human adaptation to changing environmental factors,
there is another equally important method for the FS assessment as the heart rate
variability (HRV) examination [1]. While computed tomography and magnetic
resonance imaging scans are often normal, the individual with traumatic brain
injury (TBI) has cognitive problems such as headache, difficulty thinking,
memory problems, attention deficits, mood swings and frustration. These
injuries are commonly overlooked [9]. Even though this type of TBI is called
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“mild”. Thus, the EEG and HRV examination for assessing the FS recovery
during rehabilitation of wounded and sick especially with mild TBI in hospital
conditions is an urgent task of modern military neuroscience and clinical
medicine.

The aim is elaboration of the decision support model for medical recovery
assessment by estimation of functional state of wounded and sick persons during
their treatment in hospital conditions to substantiate the necessity of a further
rehabilitation.

MATERIALS AND METHODS

The 1% st group of exanimated military personnel was formed from 30 men aged
25-45 years who had mTBI and comorbid somatic pathology, and 2™ nd group
— 30 men with the same age who did not have mTBI but were treated (rehabili-
tated) due to other therapeutic pathology at hospital. The vast majority of these
people (90 %) consisted of mobilized soldiers who performed tasks in the anti-
terrorist operation area approximately one year. A control 3™ rd group of
73 healthy men with the same age range was examined to compare the results of
the research.

Each servicemen was treated by individual rehabilitation program during
12-14 days. This course provided the best range of types, forms, capacities,
timelines of rehabilitation measures determining the order of their performance,
and it was aimed to rehabilitation and compensation of violated or lost functions
and capabilities of a particular person to perform certain activities. The study of
the psychophysiological characteristics of these persons was performed in the
morning (from 8 to 12 a.m.) before and after rehabilitation treatment in accor-
dance with the ethical standards of the responsible committee and with the Hel-
sinki Declaration.

The study of the autonomic nervous system was carried out according to
"international standards" analysis of heart rate variability (Heart Rate Variabil-
ity, 1996) [10, 11] for five minutes in the first standard lead. The psychophysi-
ological characteristics were recorded using a special hardware and software
system "MPFY Rhythmograph 1" elaborated at the Kharkov National University
of Radioelectronics. The system is designed to monitor the heart thythm (HR)
from the ECG signals in the first standard lead with time and spectral statistical
analysis of heart rate. The following characteristics of HRV data have been in-
vestigated in this research:

1. Statistical parameters — (mode of RR- intervals (mRR, ms), standard
deviation of RR- intervals (SDNN, ms), Baevsky stress index (IN % / s2), mode
amplitude (AMo, %);

2. Parameters of HR spectral analysis — total spectral power (TP) in the
range 0,003-0,4 Hz characterizes the overall absolute level of activity of human
regulatory systems; VLF — spectral power in the very low frequency range
0,015-0,04 Hz — relative assessment of sympathetic regulation level of activity;
LF — spectral power in the low frequency range of 0,04-0,15 Hz — relative
assessment of the vasomotor center activity; HF — spectral power in the high-
frequency range 0,15-0,4 Hz — relative assessment of the parasympathetic
regulation level of activity (respiratory waves) [0, 0, 0].
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The EEG study was performed using electroencephalographic complex
NeuroCom Standard developed in Scientific-technologic Center of radioelec-
tronic medical devices and technologies of National Aerospace University. The
data were recorded in 16 standard monopolar leads (Fp, F, C, T, P, O) from both
hemispheres of patients with closed eyes in accordance to the international sys-
tem "10-20" (Jasper, 1958) combined with auricular reference electrode. Sam-
pling frequency was 250 Hz. There was performed a visual and software analy-
sis for one minute EEG examination in the 1-50 Hz frequency range.

The average power of spectral data have been studied for each EEG lead us-
ing fast Fourier transformation. The value of power spectrum in standard physio-
logical frequency bands: Delta (1-4 Hz.), Theta (4-8 Hz.), Alpha (8-13 Hz.),
Beta (13-35 Hz.), Gamma (35-50 Hz.) has been analyzed. Fragments with arti-
facts were processed to their extinction based on the technology of the inde-
pendent component analysis; otherwise, they were excluded from further analy-
sis [7,13].

Analysis of the results was performed by methods of descriptive and non-
parametric statistics (Spearman’s correlation coefficient), cluster, factor and
discriminant analyses using the STATISTICA 6.1.478.0 software [14].

RESULTS AND DISCUSSION

First of all, attention it should be paid attention to the features of the combat
traumatic brain injury. TBI has its own peculiarities, which stipulate the need for
a specific approach to the first aid, treatment and rehabilitation. At first, this is
the specific effects of damage to the anatomical integrity of the central nervous
system, which are characterized by specific violations or "exclusion" of func-
tions. Functional insufficiency is directly dependent on the level of the zone of
injury (for brain injury). The immediate consequences of violations of anatomi-
cal integrity are the violation of the regulatory, transmitter conductor, neurotro-
phic and mental functions of the human body. Neurotrauma, like most traumatic
injuries, is accompanied by a martial traumatic injury, which is often an ex-
tremely powerful complicating component in these cases.

The peculiarities of moderate and severe TBI include the significant func-
tional constraints that it leads to, in most cases, the impossibility of military du-
ties performing, the high percentage of disability, and psychosocial disadapta-
tion. The consequences of mild neurotrophy are often a violation of the psycho-
emotional sphere, which also does not contribute to the full-fledged social func-
tioning of the soldier or veteran. In addition, the possibility of specific and non-
specific complications of neurotrophy should be taken into account.

The use of high-energy weapons, mainly artillery, leads to a corresponding
increase in the number of traumatic brain damage mainly, and to a lesser extent,
injuries of the spine and spinal cord. In 2016 approximately 33,.5% were head
injuries (Fig. 1) of all combat pathology, and by mid-2017, this pathology have
been occurring almost in half of the structure of all casualties.

Thus, in the current hybrid war, damage to the central nervous system ac-
counts for more than a third of all traumas, while in recent times there has been a
tendency to increase this proportion due to the consequences of blust explosions.
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Fig. 1. The structure of traumatic injury in 2016.

Analysis of the EEG data shows that 45 % of patients after mTBI obtained
in wide-ranging period (3 months — 1 year) had a high level of beta activity on
the background of irregular alpha rhythm combined with diffuse delta activity.
Therefore, in our opinion, a marker for FS recovery should apply initial o / B'
EEG ratio in time of admission to hospital and o / B" before patient discharging
(after rehabilitation).

The next EEG phenomenon, which was observed in 30 % of patients, is
characterized by disorganized activity that manifests itself in slow irregular
alpha rhythm against the background of paroxysmal bursts of theta rhythm with
high amplitude. This pattern was observed among patients who get contusions of
the brain and can be explained by violation of the brain diencephalic area
(thalamic nuclei irritation). The 25 % of patients had EEG characterizing by very
low amplitude waves that can be described as a flattened version of EEG.
Furthermore, in the area of brain contusion there were local delta waves that
predominated in amplitude of delta activity in other parts of the cortex and
confirmed the right or left-side concussion (high skewness coefficient).

Statistical analysis of EEG parameters in terms of their skewness and
kurtosis indicates the presence of heterogeneity of the studied data. The
additional distribution into the more homogeneous groups was not performed
due to the small size of the studied groups; therefore, the non-parametric
methods of descriptive statistics in the next study have been used.

A history of mTBI patients is reflected on significantly lower alpha activity
in the 1% group indicating a significant activating effect of tonic brain structures,
including the pronounced influence of sympathetic autonomic nervous system.
A similar phenomenon is observed among members of the 2™ group (Table. 1).

Beta activity, which may characterize the state of working capacity of the 1
and 2" groups, significantly differs from control group in average power of the
EEG spectrum in beta range. However, the average amplitude of the EEG
spectrum in beta range was significantly different fom the control group only
among the 1% group members.

ISSN 2519-2205 (Online), ISSN 0454-9910 (Print). Ku6. u Bbru. Texs. 2017. Ne 3 (189) 83



A.V. Shvets, A.Y. Kich

The significant difference between people of control group and patients
were observed only among members of the 1% group in the EEG theta range
indicating the presence of their pronounced neuro-emotional tension (Table 1).

The initial total average amplitude of EEG spectrum in the theta range is
significantly higher among representatives of the 1* group comparing with the
2" group, indicating a more pronounced neuro-emotional stress of patients with
mTBI. After rehabilitation / treatment of the 2™ group patients there was
observed a significant decreasing of the power indices in theta-band of EEG
spectrum comparing with the 1* group in which significant decrease was in the
average amplitude values of the total power range of EEG spectrum in theta-

Table 1. Average EEG spectral range data before and after rehabilitation treatment
(M = m)

g Average indices of EEG total power spectrum ranges, %
=
;—:? 1st group 2nd group
Q Control grou,
0 Initial After Initial After rehabilitation group
rehabilitation
) 32,6145.52## | 31,38+2,79### | 32,863,494 | 24,66+1,85+H##H1* 12,9941,05
0 20,12+2,83# 15,1742,18 16,60+1,43 12,18+1,35+ 14,23+1,01
o 18,2242 80### | 19,6543, 74### | 19,0912, 16### | 25,60+1,84+#HH#** | 46,9613,02
B 12,83+1,77# 11,99+0,96## 9,83+1,45## 10,93+0,93### 17,60+1,41
Y 5,53+2,47 6,04+1,60 2,2140,76 3,10+0,85 3,21 £0,40
o/P 1,38+0,33## 1,52+0,38## 2,2340,36 2,5340,33* 2,6740,24
Average amplitude of total range EEG spectrum, mV
) 32,2043,08### | 30,72+1,92### | 30,4613, 01### | 22,7111, 39+H##*** | 18,2440,96
0 21,75+2,89# 13,93+1,48+ 14,34+0,81 13,314£2,95 14,34+0,92
o 14,3241, 17### | 17,57+1,84### | 17,43+0,98##H* 20,2612, 17## 27,21+1,22
B 13,8241,08## 12,98+0,75## 10,7740,54** 10,20+0,47** 10,3240,57
k% 5,93+1,18 6,26+1,28 4,57+0,86 4,204+0,61 4,3440,72
o/f | 1,11+0,18### 1,39+0,12### 1,6140,144##* | 2,124+0,08++H##H#E*** | 2,52+40,07
Average value of frequency that is dominant in each of EEG rhythms, Hz
) 1,0440,05### 1,4340,10++ 1,8040,17#%** 1,4240,09+ 1,43 £0,03
0 5,65+0,14# 5,70+0,29 5,44+0,28 6,1240,15+### 5,26 £0,09
o 9,7440,40 9,82+0,27 9,6840,18 9,69+0,12 9,84+ 0,10
B 15,34+0,53 14,89+0,27 14,8740,43 15,1640,23 15,7240,42
k% 48,19+0,94## 47,252,624 44.54+41,51* 48,81+1,04-+## 39,2442.78

Note: Statistically significant difference of EEG data between the 1 * and 2™ groups by Mann-
Whitney U-test: ***p < 0,001, **p < 0,01, *p <0,5; #, ##, ### — statistically significant difference
of EEG data between control group and groups 1 and 2 by U-test correspond to p < 0,001, p < 0,01,

+ o

p <05 levels; °, ",
treatment by U-test correspond to p < 0,001, p <0,01, p <0,5 levels.

84

— statistically significant difference of EEG data before and after the
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band. This may indicate different mechanisms of nervous-emotional stress
overcoming at hospital level of treatment.

The EEG analysis of patients shows significant changes toward the decrease
in power of delta activity after rehabilitation / treatment of the entire cohort of
the 2™ group people, indicating a better recovery of their initial signs of central
fatigue and the effects of hypoxemia in the CNS in comparison with the 1*
group.

Quite sensitive indicator of rehabilitation / treatment effectiveness was o / 3
index. Thus, the increasing of some parts of amplitude and power of EEG
spectrum in alpha range comparing with the beta range after rehabilitation /
treatment was observed only among members of the 2™ group. Moreover, the
level of this indicator was significantly higher in the 2™ group people compared
to the 1** group, which indicates a greater tendency to recovering normal brain
electrical activity among individuals who did not have mTBI.

Average levels of frequencies that dominate in each of EEG rhythms did not
go beyond the normative range, but have certain features. In consequence, the
average rate of EEG spectrum in the gamma range obtained from representatives
of the 1% and 2™ groups were higher than in the control group. In the time of
patients’ admission to hospital the average level of frequencies in the delta range
was significantly lower compared to the second group.

This level did not have significant difference between the control group and
both groups of patients after the treatment. Consequently, lower average
frequency at the beginning of treatment with a slight change in amplitude of
delta range indicate a slow recovery processes and signs of fatigue among
individuals of the 1* group even after the treatment. This is also confirmed by
the fact that only 23,3 % of the 1* group patients had positive changes in the
EEG data (Fig. 2).

Most people (70,0 %) of the 1* group did not have EEG changes after inpa-
tient treatment because the EEG manifestations of concussion can exist more
than three years. In some cases (6,7 %) there was recorded tendency to negative
changes in delta and alpha EEG bands, which can explained by violation of exci-
tation and inhibition in the central nervous system [0]. The betterment of the
brain electrical activity after hospital treatment was observed in most cases of 2™
group, (83,4 %). 13,3 % of servicemen still had essentially unchanged bioelectric
pattern and 3,3 % had its deterioration.

So, the bioelectric patterns of the 1% group of people due to excessive
stimulating effect of brain activating centers and sympathetic nervous system
characterized by significant functional deterioration of brain bioregulation and
by the growth of inhibitory processes in the central nervous system (significant,
around 7 % increase in the delta range activity). The features of recovering of
the servicemen FS in terms of the EEG data are important from theoretical and
practical point of view.

It is important for practice that against the background of a positive result of
treatment by conventional clinical indicators there were revealed the features of
FS recovering based on the EEG data, which indicate the ambiguity of the
recovery process and certain need for further rehabilitation of mTBI people. In
addition, the presence of significant inverse correlation between coefficients
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Fig. 2. Features of FS recovery among wounded and sick patients using EEG data.

o / B (ratio of average amplitudes respectively in a and § band spectrum) before
rehabilitation treatment and the average amplitude of & and 0 ranges of the
spectrum (Spearman correlation criteria R = -0,46 and R = -0,42; p < 0,05), and
the average EEG power index in o spectrum (R = -0,38, p < 0,05) after the
treatment demonstrate the ability to predict the degree of FS recovery (human
rehabilitation potential) based on o/ B coefficient.

At its higher levels before rehabilitation / treatment in hospital conditions
there was a reduction of the & and 0 ranges contribution in the spectrum, which
may indicate a neuro-emotional stress decreasing, central fatigue signs and
effects of hypoxemia in the CNS. The level of its ratio below 1.5 may indicate
low human rehabilitation potential. In addition, according to some researches [8,
15, 16], the phenomenon of B-band dominations over the a-range indicates a
high probability of PTSD progress among military personnel.

The estimation of human adaptive capacity, and therefore the rehabilitation
potential of people can also be obtained by visual viewing of heart
rhythmography [17]. Fluctuations of heart rate and its scale can suggest a range
of regulatory process possibilities of human [18].

Considering mRR index that characterizes the energy level of functioning of
the cardiovascular system, it can be noticed that mRR index was the highest in
control group (Table 2).

Thus in patients with mTBI (Group I) mRR rate was significantly lower
than in control group. After the treatment the mRR rate was significantly
improved (p < 0,05) only in members of the 2™ group of military personnel in
comparison with the 1* group, indicating a high energy level of cardiovascular
system functioning in mTBI patients comparing with healthy individuals and
patients with therapeutic diseases.

It should be noted that most of the indexes of HRV in the 1* and 2™ groups
before discharge from the hospital were significantly different from the control
group. However, there were some features in the FS recovery of the 2™ group of
people after rehabilitation treatment. The total assessment of adaptive capacity,
which was measured in terms of SDNN, before rehabilitation treatment was the
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lowest in the 1% group. There was only a slight tendency to improving of
adaptive capacity of patients after their treatment.

The degree of centralization of heart rate’s neurovegetative regulation,
measured in terms of AMo, at the beginning of the treatment was slightly lower
in the 2™ group of people in comparison with the 1** group. The highest degree
of centralization (in terms of AMo) was observed among individuals of the 1%

group before their discharge.

Table 2. Indexes of heart rate variability, M + m

Before rehabilitation
Indexes of HRV Control group
Ist group 2nd group
mRR, ms 736,63+15,28### 689,71+29,99#### 976,0+42,3
SDNN, ms 26,85+5,34#HH 35,104, 79#### 63,6+6,35
AMo, % 63,153, 58### 56,2844, 36#H 37,0+2,49
IN, %/s2 328,03+35,15### 279,04+41,76## 150+15,22
TP, ms 2 495,67+76,16%**4# 976,22+67,60## 2893,15+142,14
VLF, ms 2 183,67+41,96**### 378,00+54, 124 792,18+52,14
LF, ms 2 236,33+54,424### 369,72+53,1 1#### 1509,33+112,12
HF, ms 2 75,17+15,53*### 165,71+35,12### 593,47+42,21
LF/HF, cu 7,52+1,34*##H 4,44+0,66### 1,740,32
VLF/HF, cu 12,68+2,40### 8,11+1,16##H 1,45+0,26
(VLF+LF)/HF, cu 20,46+2,45* 12,59+1,62### 3,11+0,42
VLF/(LF+HF), cu 0,96+0,04## 1,3440,19## 0,58+0,11
After rehabilitation
mRR, ms 730,00+36,78#### 759,91+17,56#i#+ 976,0+42,3
SDNN, ms 28,45+5,51### 38,40+3,504# 63,6+6,35
AMo, % 62,22+10,86# 51,2142,92## 37,0+2,49
IN, %/s2 317,40+67,44# 210,70+26,15# 150+15,22
TP, ms 2 619,33+82,49***{ 1213,94+97 31###+ 2893,15+142,14
VLF, ms 2 279,33+54,65* 549,90+42,00###+ 792,18+52,14
LF, ms 2 286,83+25,88***### 498,55+52,25### 1509,33+112,12
HF, ms 2 53,1718, 25%**##H# 228,50+31,31## 593,47+42,21
LF/HF, cu 9,78+1,96**### 4,02+0,76## 1,740,32
VLF/HF, cu 12,52+3,07 *## 4,87+0,94##+ 1,45+0,26
(VLF+LF)/HF, cu 22,144, 48* ¥4t 8,90+1,43### 3,11+0,42
VLF/(LF+HF), cu 1,06+0,32 1,08+0,18# 0,58+0,11

Note: Statistically significant difference of HRV data between 1st and 2nd groups by Mann-Whitney
U-test:***p < 0,001, **p < 0,01, *p < 0,5; #, ##, ### — statistically significant difference of HRV
data between control group and groups 1 and 2 by U-test correspond to p < 0,001, p < 0,01, p <0,5
levels; +, ++, +++ — statistically significant difference of HRV data before and after the treatment
by U-test correspond to p < 0,001, p < 0,01, p <0,5 levels.
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It is noteworthy that most of the spectral characteristics of HRV (TP, VLF,
LF, HF, LF / HF, VLF / HF, (VLF + LF) / HF) were significantly better in the
members of the 2™ group in comparison with the 1% group before and after the
rehabilitation treatment in hospital conditions.

The index of vegetative balance (LF / HF) obtained from the 1* group of
people had the highest level comparing with other groups, indicating a marked
tension of regulatory processes due to mostly sympathetic nervous system
influence on patients with mTBI in history.

The index of subcortical nerve centers activation (VLF/HF) before the
treatment was the highest in the 1* group of people. Before discharge patients
the VLF/HF rates significantly differs only in members of the 2™ group.

The index of centralization ((VLF + LF) / HF) is the highest in the first
group of people that indicates the presence of disadaptation processes in patients
with mTBI and violation of regulation at both segmental (basal) and
suprasegmental (nuclear) brain structures, and reducing of inhibitive cerebral
cortex influence on them. The centralization index was not significantly changed
after the treatment in all studied groups, but the tendency to it improvement was
observed in members of the second group.

The subcortical-stem index (VLF / (LF + HF) was not significantly
transformed after the treatment in the 1* and 2™ groups of people and mostly
was characterized by predominance of the central influence on the heart rhythm
control, reflecting the tension of the system functioning and the trend to double
control of regulation processes.

It should be noted that the low level of modulation of hormonal regulatory
mechanisms according to typical indicator VLF was observed in the 1* and 2™
groups before admission to the hospital. The significant improvement (p < 0,05)
of regulatory processes was only occurred among the members of the 2™ group
after their treatment. However, the low levels of mobilization and rehabilitation
potentials of human that were measured in terms of HF and LF indexes at the
beginning of rehabilitation treatment in hospital conditions become moderate in
average range 300—700 ms” after the treatment of the 2™ group members.

The total power of neurohumoral regulation spectrum was very low in the
1 and 2™ groups comparing with normative values. This indicates the presence
of fatigue, which is accompanied by decreasing of human creative potential and
performance. The time and resources needed for human recovering are signifi-
cantly higher in patients of studied groups. The hypoergic variants of response
are inherent to most representatives (70 %). Only 13,3 % of people have TP in-
dexes within the physiological norm.

Positive is that the TP is significantly improved in the representatives of the
2" group after rehabilitation treatment, indicating a better adaptation reserve of
them comparing with persons of the 1* group. Thus, we can conclude that peo-
ple with adaptation disorders (1* and 2" groups) were characterized by a high
level of centralization of regulation of the cardio circulation system in terms of
HRYV data before the treatment, which reflects in some cases a higher physio-
logical regulation value of FS.

It has been found that only 30% of the 1% group members had positive
changes in HRV data (Fig. 3).
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Most people (63,3 %) of the 1% group did not have changes in the HRV
characteristics after a treatment in hospital. In some cases (6,7 %) a tendency to
adverse changes in spectral HRV characteristics has been recorded. The
betterment of HRV characteristics after hospital treatment of the second group
representatives have been improved in most cases (70 %). 23,3 % of people had
HRYV parameters which are essentially remained unchanged. The deterioration of
HRYV parameters in 6,7 % cases has been observed too. The last case was also
described in similar studies of other scientists and corresponds with their data
[15, 19].

An important step in this research was to find interconnections for establish-
ing the degree of tension of regulatory processes. This has been done by using a
cluster analysis (clustering criterion was 1 — Spearman R).

As a result, the correlation between HRV and EEG parameters before the
treatment of the 1% group patients were stronger indicating a fairly inflexible
structure of regulatory processes of patients with mTBI. (Fig. 4A). It is
confirmed by existence of strong correlation between EEG statistical parameters
and HRV spectral characteristics (mRR, SDNN, TP, VLF, LF, HF). In addition
to this, the stress index of HRV is strictly related with AMo and other HRV
frequency characteristics.

After the rehabilitation treatment the interconnections structure has been
changed. The statistical and spectral characteristics of HRV (mRR, SDNN, TP,
VLF, LF, HF) correspond only with such EEG indices that characterize the brain
activity in alpha and beta-band spectrum only.

The HRV stress index is associated with the brain electrical activity in the
theta range. The correlation between average amplitude of EEG spectrum in
gamma and delta bands with HRV indices become less obvious (only with the
delta range data). This indicates some reduction in tension of regulatory
processes in human organism.

Another depiction of interactions is observed among members of the second
group. The fig. 5 shows that the characteristics of EEG in delta and theta bands
are associated with indices of HRV spectral characteristics (LF / HF, VLF / HF,
VLF / (LF + HF), (VLF + LF) / HF). The EEG indicators in alpha and beta
bands have less correspondence with these characteristics.

The correlations strength between EEG and HRV parameters was decreased
after the treatment of the ATO participants who had therapeutic pathology
(R < 0.4). Thus, the members of the 2" group after the rehabilitation treatment
can be characterized by decreased tension of regulatory processes, as evidenced
by a decreasing of intersystem relations strength. To predict the human
rehabilitation potential it was used the shifts of normalized characteristics of
EEG and HRYV data (differences before and after treatment, taking into account
the direction of change, to average group parameters obtained from every person
before the treatment in hospital). As a result of this procedure the normalized
levels of EEG and HRV indices shifts that have both positive and negative
changes have been derived.
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It was used the factor analysis of these shifts for integration of the obtained
normalized characteristics. As a result of this analysis, two factors have been
allocated. The first one (F1) consists of parameters which mostly characterize
the energy level of regulation of the human body in terms of HRV spectral
characteristics (contribution of this factor to the overall dispersion is 37 %) and
F2, which mostly consists of EEG indices (the contribution of this factor in the
total dispersion is 23 %). The factor values, which demonstrate the effectiveness
of the human FS recovery, have been obtained for each of these factors. If the F1
and F2 > 0 the recovery of a patient FS is positive, otherwise the FS recovery
can be seen as negative.

It was used the multiple step-up regression analysis for prediction of human
rehabilitation potential (at any stage, rather than entering all the variables as a
block, step-up regression enters the variables one at a time, the order of entry
determined by the variable that causes the greatest R” increase, given the
variables already entered into the model) where the characteristics of HRV and
EEG data before the treatment of a patient were independent variables and factor
values for F1 and F2 were dependent variables.

Only one decision support model for human rehabilitation potential has
been built (R = 0,86, p < 0,001) as a result of this analysis:

F;=0,17 + 0,0004*TP - 0,07* - 0,02*" /45,

where TP — the total power of HRV spectral density (characterizes the overall
absolute level of activity of regulatory systems, ms?); p — average amplitude of
EEG spectrum in beta-band mV; VLF / HF — index of activation of subcortical
nerve centers, cu.

The following criteria for referring people to the group with "high /
satisfactory" rehabilitation potential are:

* F1>0 — patient has a "high / satisfactory" rehabilitation potential (FS
recovery is positive);

* F1 <0 — patient has "low" rehabilitation potential (FS of human is
recovering slowly or not recovering at all).

The selection of individuals with “low” rehabilitation potential is important
because they need continuing treatment in rehabilitation centers, despite the
positive changes in generally accepted clinical symptoms. Furthermore, a doctor
should focus on the HRV data besides the other health indicators when he or she
makes a decision about the degree of human FS recovery as well as the
effectiveness of physical therapy or spa treatments, physical exercises. When
HRYV is higher the pronounced symptoms of autonomic dysfunction is less and
can be conducted with more intensive rehabilitation process.

Hence, adaptation and rehabilitation opportunities of the human organism
are easier to quantify using HRV parameters based on spectral analysis: TP,
LF/HF, HF, LF, and VLF. When the total power spectrum is higher, the human
FS is better and higher its rehabilitation potential. However, it should be kept in
mind, how the way of the FS supporting mechanisms are going on (indicators
VLF / HF or HF, LF, VLF).

In terms of the optimal physiological mechanism of the FS supporting is
regulation by emergency response system — HF component. On the other hand,
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excessive activation of one of the regulation systems is inevitable and like any
unilateral process leads to its imbalance and therefore requires adequate
involvement of others components in the regulatory process. This one is
reflected in the appearance of low waves (LF) and very low (VLF) waves in
HRV frequencies, which shows the impact of sympathetic, and humoral-
metabolic (cerebral ergotropic) modulation effects on heart rate. The extremely
low possibility of rehabilitation could be confirmed when the total power
indicator (TP) is less than 200 ms2 and there is an imbalance in autonomic
nervous system, and in spectral power structure a very slow regulation
component (VLF) is dominated. Therefore, examination of the HRV and EEG
characteristics in clinical medicine can help to evaluate the current functional
state and the rehabilitation potential of human.

If concomitant diseases of the cardiovascular system (hypertension,
ischemic heart disease, arrhythmias) exist, the HRV examination should be
separated because it can’t asses the level of FS recovery comparing with other
pathologies. However, this study provides the opportunity to stratification of
patients at complication risks, in other words, to identify a group of patients who
is going to have a high risk of complications during physical therapy, fitness and
spa procedures, and select a group of patients whom such procedures are not
contraindicated. Therefore, the study of HRV in cardiac patients with prognostic
aim remains a screening method with high sensitivity but low specificity.

The levels of energy (HRV) and information-energy (EEG) components of
providing working capacity indicate the presence of different mechanisms for
harmonization physiological processes that occur in the first and second groups
of people. The detailed interpretation of these additional effect needs in-depth
analysis of studied material, because the age aspect and somatic pathology
details as well as other functional characteristics (stabilography, psychomotor
reaction, predominance of the brain default-mode network, etc.) have been not
took into account in this study.

CONCLUSIONS

The “price” of the functional state regulation among wounded and sick people
assessed by HRV and EEG characteristics is the highest in individuals with
mTBI on different levels of physiological functioning. These patients have a
significant tension of physiological processes in the body; while patients with
other disorders have significantly better functional state recovering as well as
decreasing of protective inhibition in the central nervous system after rehabilita-
tion in hospital conditions.

The decision support model regarding assessment of medical recovery by
evaluation of functional state of wounded and sick persons allows quantitatively
predict the need for further rehabilitation after the hospital treatment which is
necessary to unify of rehabilitation approaches in different levels of health care
of patients to maintain rehabilitation continuity and steadiness.

Application of EEG and HRV hardware during rehabilitation of combatants
in hospital conditions allows to evaluate a specific morphological defects and the
degree of human rehabilitation potential, to predict the likelihood of
inappropriate and / or paradoxical reactions on the therapeutic treatment, to form
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an advice to therapeutic optimization of the rehabilitation taking into account a
background of neurohumoral regulation. The important role of military
psychophysiologists and significance of their integration to the rehabilitation
process at hospital level for comprehensive diagnosis and proper treatment of
patient with mTBI is growing up nowadays.
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MOJEJIb ITOAJEPXKKU ITPUHATHA PELLIEHUA JIJIS1 TPOTHO3MPOBAHUA
CTEIIEHM BOCCTAHOBJIEHI A BOEHHOCIJTY>KAIIUX B 'OCIIMTAJIbHBIX
YCIJIIOBUAX HA OCHOBE IICUXO®U3NOJIOT'MYECKUX JAHHBIX

BersBiieHBI 0COOEHHOCTH BOCCTaHOBIIeHHs xapakTepructuk BCP u D3I, koTopble 3akitoya-
IOTCS B CYILECTBEHHO XY/IIEM BOCCTAHOBJICHHH (QYHKIMOHAIBEHOTO cocTostHUS (DC) rpymst
BOCHHOCIYXKAIlIUX ¢ KOHTY3UEH TOJIOBHOTO MO3Ta IO CPAaBHEHUIO C JIMI[AMH, KOTOpHIE HE
MMeNU KOHTY3UH MO3ra B aHaMHe3e (cooTBeTcTBeHHO 23,3% u 83, 4% nuil ¢ 1mosoXuTennb-
Holl nuHamukoi, p <0,001). Omucansl CTpyKTypHble ocoOeHHOCTH 3-X OOI'-peHoMeHOB,
KOTOPBIE BCTPEYAFOTCS Y JIUI[ C KOHTY3UEH TOJIOBHOTO MO3ra. AHAJIN3 MEKCUCTEMHBIX CBSI3eH
30I' u BCP nonoiaHUTENBHO CBUAETENBCTBYET O MeIeHHOM BoccTaHoBiaeHun OC y nun 1
rpynisl. C moMouibio (akTOPHOTO aHalM3a HOPMUPOBAHHBIX XaPAKTEPHCTHK H3MEHEHUS
nokazateneit OO u BCP 1o 1 mociie BOCCTaHOBUTENBHOTO JISYSHHS IIOCTPOCHA PETPECCHOH-
Has MOJIETIb MOJIEPKKH MIPUHATHS PEIICHHUS C 1IeTIbI0 IPOTHO3UPOBAHUS PeaOMIINTALIOHHO-
O MOTEHIMaJa YeoBeKa H 3Q(HEeKTHBHOCTH peadHIUTALNY B TOCIHTAIBHBIX YCIOBHSIX.

Kniouegvie cnoea: peabunumayuonnvlli nomenyuan, Y4acmuuku aumumeppopucmuyeckou
onepayuu, QyHKYUOHATLHOE COCMOsIHUE, 8APUAOETLHOCHb CEPOSUHO20 PUMMA, INEKMPOIH-

yeghanoepaghus.
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MOJIEJIb HIJITPUMKH IPUMHATTS PIIIEHHS 1IOJI0 TTIPOTHO3YBAHHS
CTYIIEHS BIJHOBJIEHHS BIMCHKOBOCJTYKBOBIIIB
Y TOCHITAJIbBHUX YMOBAX HA OCHOBI [ICUXO®I3IOJIOI'TYHUX JAHNX

Bussneni ocobnuBocti BinHOBiIeHH XapakTepuctuk BCP i EET" monsraiors B iCTOTHO Tip-
IIOMY BifIHOBJIEHHI (yHKITioHanbHOTO cTany (PC) rpynu BiHCHKOBOCTYKOOBIIB 3 KOHTY31€10
TOJIOBHOTO MO3KY B MOPIBHSHHI 3 0c00aMHU, sIKi He MaJld KOHTY3ii MO3Ky B aHamHe3i (Biamo-
BigHO 23,3% T1a 83, 4% oci6 3 no3uTHBHOI AnHaMikow, p < 0,001). OnucaHo CTPYKTYpHI
ocobmuBocTi 3-x EET'-beHoMeHiB, siKi 3ycTpiuaroThes y 0Ci0 3 KOHTY31€10 TOJIOBHOTO MO3KY.
Amnaniz mixkcucremMuux 3B's13kiB EET" i BCP 101aTKOBO CBIZUUTH TIPO TOBLIBHE BiHOBJICHHS
®C y oci6 I rpynu. 3a 1onomMororw GpakTOpHOTO aHaTi3y HOPMOBAaHUX XapaKTEPUCTHK 3MiHH
nokazuukie EET 1 BCP 10 i micis BiIHOBHOTO JIiKyBaHHS MOOYJ0OBaHa perpeciiiHa MoJielb
MIATPUMKHA TPUHAHSATTS PILICHHS 3 METOI MPOTHO3YBaHHS peabiTiTalliifiHOTO MOTEHINATy
JIIOIUHH 1 epeKTUBHOCTI peadiIiTallii B TOCHITaNbHIX YMOBaX.

Knwuosi cnosa: peabinimayivinuii nomeHyian, y4acHUKU AHMUMEPOPUCTIUYHOT onepayil,
@yuxyionanvhuli cmau, eapiabenvHicmy cepyegoeo pummy, eiekmpoenyeganozpagis

96 ISSN 2519-2205 (Online), ISSN 0454-9910 (Print). Ku6. u Bbra. Texs. 2017. Ne 3 (189)



BHUMAHHIO ABTOPOB!

B kypHame mnpeacTaBieHBl pe3yIbTaThl HCCIEAOBAHUN B 00JACTH TEOPHH U
MPaKTUKU HHTEUIEKTYalbHOI'O YIPAaBIEHUS, HH(POPMAIMOHHBIX TEXHOJOTHH, a
TakKe OMOJIOTHYECKOW U METUIIMHCKON KHOEPHETHKY.

Jnst Hay9HBIX paOOTHHUKOB, HHKEHEPOB, ACIIUPAHTOB U CTYIEHTOB BYy30B CO-
OTBETCTBYIOIIUX CHELUAIBHOCTEN.

TpeOoBanus Kk pyKonucsiM crarei

1. Pykonmce npenocraBiseTcsa Ha 6e10i Oymare B IByX 3K3eMIUIIPax (S3bIK —
PYCCKHIA, YKPaUHCKHA, aHTTIMACKUM, 12—16 ¢.) 1 37IeKTpOHHAS BEPCUS.

K pykomnucu npunaratorcst:

® AaHHOTAIlMU — Ha PyCCKOM U yKpauHckoM s3bikax (YK, dbamummst, naunna-
JIBI aBTOPa/0B, Ha3BaHHUE CTAThH, 5—O CTPOK TEKCTa, KIIIOUEBBIE CJIOBA), HAa AaHTJIMH-
CKOM s3bIKe ((haMUIUsL, MHUIIHAIIBI aBTOPa/0OB, MECTO paboTHI, TOpOJ, CTpaHa, Ha3Ba-
HHE cTaTbhd, OT 250 cioB, C BBIAEIEHHEM PYOpHK: BBEIACHHE, LIEb, PE3YJIbTATHI,
BBIBOJIBI, KJIIOUCBBIC CJIOBA);

® JIUILIEH3UOHHBII IOTOBOP;

e cBeieHUS 00 aBTOpe/ax Ha PyCCKOM, YKPAaMHCKOM M aHTJIMIICKOM SI3bIKax J0-
JoKHBI BKIO4aTh: OUO, yueHyro CTelneHb, HaydyHOE 3BaHUE, JNOJLKHOCTb, OTHEN,
MecTo paboThI, MOYTOBBIH aapec OpraHu3aluH, TenedoH (Ciyx., M00., IOM.),
E-mail, aBropckue nupentudukatopsr ORCID nnu ResearcherID.

2. Tekct craTby mosaeTcs ¢ 00s3aTENFHBIMU PYOPHKaMH: BBEICHHE, TOCTAHOB-
Ka 3aJa4M, IeJb, Pe3yIbTaThl, 4eTKO CPOPMYITHPOBAHHBIE BHIBOJIBI.

ITonanHbie cTaThyl 0043aTEIBHO HAMPABISIIOTCA HA PELICH3UPOBAHUE BEILYIUM
CHEIHAINCTaMH B JAHHON 00JIaCTH.

CTpyKTYypa cTaThH

YAK. HABBAHUE. N.0. ®ammmus / u. Opranmzanus/m. AHHOTamms (pyc.,
5—10 ctpok). Kirouessie cnosa: (5—38 cnos). BBEJIEHME. IHEJIb. [IOCTAHOB-
KA 3AJAYU. PE3VJIbTATBI (1—3 PA3JIEJIA C HASBAHUSMMN). BBIBO/bI.

Crucok TuTepaTypsl Ha I3bIKE OpUTHHANIA — B IOPSIKE YIIOMUHAHUS B TEKCTE,
no cragaapty JJCTY 8302: 2015.

CITHUCOK JTUTepaTyphl — MEPEeBOJl HCTOYHUKOB Ha aHMIMHACKHH SI3BIK, (haMuum
Y MHUIIUAJIBI ABTOPOB — TPAHCIUTEPAIIHS:

Author A.A. Article. Journal, 2000, vol. 1, Ne 2 pp. 111-112 (in Russian).

Author A.A., Author B.B. Book. City : Publisher, 2000. 111 p. (in Russian).

Pesrome (ykp., 5—10 psanxis). Kirrouosi ciioa (5—S8 ciiB).

Abstract (0,5—0,7 p.): ®1O, Ha3Banue cTaThu Ha aHTIMICKOM sI3bIKe. Hazea-
HUe OpeaHu3ayuu — Ha AHSTULICKOM SA3bIKe.

C oOs3atensHbiMu pyOpukamu: Introduction. Purpose. Results. Conclusion.
Keywords.



TpeGoBanusi k TekcToBOMY (paiiny

®dopwmar daiina *.doc, *.rtf. daitn q0KEH OBITH MOATOTOBJICH C TIOMOIIBIO TEK-
cToBoro peaakropa Microsoft Word 2003.

Hcnons3yemble ctim: mpudT Times New Roman, BeicoTa 12 1T, MEXCTPOU-
HOE paccTosHue — nonyTopHoe. @opmar Oymaru A4, moist (ciieBa, crpaBa, BBEPXY,
BHHU3Y) 2 CM.

Dopmyner HabuparoTcs B pegakrope Gopmyn Microsoft Equation Editor 3.0.

Onuwmu pemakropa popmyn — (10,5; 8,5; 7,5; 14; 10). lllupuna popmya He
ooJjiee 12 cm.

Pucynku momxHbl OBITH JOCTATOYHO KAYECTBEHHBIMH, CO3/IaHbI BCTPOCHHBIM
penaktopom pucyHkoB Word Picture mmu6o wabiMH Windows-nipusioxeHusMu (B

3TOM CITy4ae PUCYHKH IOJDKHBI OBITH IPENCTaBIICHBI OTAEIBHBIMU (haiiIaMu cOOT-
BeTcTBYyIOIMX (opmaToB). LllupuHa pucynkos He 6osee 12 cMm.

Tabnuyw! BHITIOIHAIOTCS CTAHJAPTHBIM BCTPOSHHBIM B Word HHCTpyMEHTapreM
«Tabnumay. lllupuna Tadaunsl He 00see 12 cm.

B po3anuHyto npoaaxy >kKypHaj He IOCTYIAET.

Ogpopmaenue noonucku 014 sHeeaarnWux onyoaIuKoeamy cmamsu
6 Hawiem JcypHase 00a3amenbHo.

IMoanucka OCyIeCTBJISICTCH

o ['TI «IIpeccax»: «Kartanor Buganb YKpaiHuw», HOANUCHON nHaeke 86598;
o [loamucHoe arencTBo «YkpuHpopmHaykay HAH Ykpannsr,
nonnucHoi uHaekce 10029, ukrinformnauka@gmail.com,



